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FOREWORD 

The Reactor Development Program Progres s Report, issued 
monthly, is intended to be a means of reporting those i tems 
of significant technical progress which have occurred in 
both the specific reactor projects and the general engineer
ing research and development p rograms . The repor t is or
ganized in a way which, it is hoped, gives the c leares t , most 
logical over-all view of p rogress . The budget classification 
is followed only in broad outline, and no attempt is made to 
report separately on each sub-activity number. Fur the r , 
since the intent is to report only i tems of significant prog
ress , not all activities a re reported each month. In order 
to issue this report as soon as possible after the end of the 
month editorial work must necessari ly be linnited. Also, 
since this is an informal progress report , the resul t s and 
data presented should be understood to be pre l iminary and 
subject to change unless otherwise stated. 

The issuance of these repor ts is not intended to constitute 
publication in any sense of the word. Final resul ts either 
will be submitted for publication m regular professional 
journals or will be published in the form of ANL topical 
reports . 

The last six reports issued 
m this ser ies a re ; 

May 1964 ANL-6904 

June 1964 ANL-6912 

July 1964 ANL-6923 

August 1964 ANL-6936 

September 1964 ANL-6944 

October 1964 ANL-6965 
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I. BOILING WATER REACTORS 

A. Experimental Boiling Water Reactor (EBWR) 

1. Post i r radiat ion Examination of EBWR Spike Element S-1 

The first portion of the examination of EBWR spike element S-1 
after an estimated burnup of 4.5 a/o of the uranium atoms has been 
completed. The fuel assembly was composed of forty-nine fuel rods of 
Zircaloy-2 tubing containing pellets of 9.24 w/o CaO, 8.93 w/o UO^,, and 
81.83 w/o Zr02 in a 7 by 7 a r ray . The fuel rods were supported in the 
assembly by stainless steel end fittings and a Zircaloy-2 center spacer . 

Visual examination of the fuel assembly indicated that none of the 
components had suffered any deleterious effects. The fuel rods and end 
fittings were covered with a thin layer of powdery grey oxide which was 
generally nonadherent. Bowing of the individual fuel rods could not be 
detected, and no fretting corrosion was observed at either end fitting or 
the center spacer . 

The four corner rods were removed from the fuel rod assembly 
and examined in detail. The diameters of the rods, determined at 25-mm 
intervals and at three 120° angular orientations before and after puncturing 
for fission gas, v/ere within 0.02-0.05 mm of the original specified diameter. 
Each rod was measured for bowing and none found. The area of maximum 
gamma activity was between 86 to 96 cm from the top of each rod. Fission 
gas measurements indicated that a large amount of gas was contained in 
each rod, the amount increasing with gamma activity. The resul ts of this 
measurement have not yet been coordinated ^vith fuel burnup to obtain 
re lease r a t e s . 

The second phase of the postirradiation analysis, now under way, 
includes a detailed examination of the fretting corrosion of the rod surface 
at the center spacer interface, fuel burnup analyses, and metallography. 



II. LIQUID-METAL-COOLED REACTORS 

A. General Fas t Reactor Physics 

1. ZPR-III 

Assembly 45A is being used to investigate the Doppler effect in 
simulated fast power breeder r eac to r s . 

The Assembly 45 test zone contained an intentionally softened neu
tron spectrum to enhance the Doppler effect (see P r o g r e s s Report for July, 
1964, ANL-6923, p. 14). The composition of the central zone of Assem
bly 45A more nearly represents a projected fast power breeder reactor . 
It simulates a large, sodium-cooled, plutonium monocarbide core with a 
uranium-to-plutonium ratio of 7 to 1. The driver is the same composition 
as Assembly 45, but contains a modified buffer and a full density depleted 
uranium radial blanket. The Assembly 45 radial reflector, used to help 
soften the driver spectrum, has been deleted. The compositions of the 
various zones of Assembly 45A are listed in Table I. 

Table I. Composition of Assembly 45A, atoms/cm^ x 10 24 

Isotope 

P u " ' 
p„240 

Pu^" 
U235 

U234 

U236 

U236 

Na 
C 
Ni 
SS (304) 

Central 
Zone 

0.001065 
0.000051 
0.000005 
0.000015 

-
-

0.00723 
0.01058 
0.00833 

-
0.0106 

Low-density 
Axial Blanket 

-
-
-

0.000020 
-
-

0.00968 
0.01072 
0.00833 

-
0.00953 

Buffer 

-
-
-

0.000010 
-
-

0.00482 
0.00844 

-
-

0.0386 

D r i v e r 

-
-
-

0.00448 
0.000046 
0.000019 
0.000256 

-
0.0416 
0.0186 
0.00775 

High-density 
Blanket 

-
-
-

0.000079 
-
-

0.03998 
-
-
-

0.00624 

The zone locations are shown in cross section in Figure 1. The 
control safety rods and channels that the Doppler elements may occupy 
are also shown. 

Assembly 45A went critical with 56.18 kg of plutonium and 0.75 kg 
of U^̂ ^ in the central zone (the same as with Assembly 45). The driver mass 
was increased to 315 kg of U^^ ,̂ compared to 245 kg U^'^ in the previous 
assembly. Because of the spontaneous fission of Pu '̂*" in the central zone, 
the reactor was found to be approximately 0.5 Ih subcrit ical at a power 
level of 15 W. 
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Figure 1. Zone Loeations in Assembly 45A of ZPR-III 

A m e a s u r e m e n t of the U Dopp le r r e a c t i v i t y effect in A s s e m b l y 45A 
showed tha t the effect w a s r e d u c e d by v e r y n e a r l y a f ac to r of two f rom tha t 
o b s e r v e d in A s s e m b l y 45 . 

M e a s u r e m e n t s of the Dopp le r effect of Pu^^' have b e e n s t a r t e d . The 
u n c o r r e c t e d r e a c t i v i t y effect m e a s u r e d for Pu ^' in A s s e m b l y 45 was v e r y 
s m a l l and n e g a t i v e . A s s e m b l y 45A a l so showed a s m a l l nega t i ve Pu^^' 
D o p p l e r coef f ic ien t . 

A t e s t w a s p e r f o r m e d to d e t e r m i n e the i m p o r t a n c e of expans ion ef
f ec t s upon the r e a c t i v i t y s igna l m e a s u r e d for the p lu ton ium s a m p l e . The 
p r e s e n t d e s i g n of Dopp le r equ ipmen t c o n s i s t s of two Dopp le r e l e m e n t s a long 
a s ing l e a x i a l channe l . Th i s a r r a n g e m e n t was c h o s e n so tha t , when the 
e l e m e n t s expand upon hea t i ng , one e l e m e n t expands t o w a r d the c o r e c e n t e r 
into an i n c r e a s i n g flux, whi le the o the r expands away f rom the c e n t e r into 
a d e c r e a s i n g flux. A l a r g e p a r t of n o n - D o p p l e r expans ion effects should 
t hus c a n c e l out . If only one of the two e l e m e n t s i s h e a t e d , t h i s f i r s t - o r d e r 
c o r r e c t i o n would d i s a p p e a r and expans ion effects would be g r e a t l y magn i f i ed . 

When only tha t e l e m e n t which m o v e s o u t w a r d on e x p a n s i o n w a s h e a t e d , 
the add i t i ona l expans ion effect for t h i s elennent was about 15% of the t w o -
e l e m e n t t o t a l r e a c t i v i t y s i g n a l . T h u s , the c o m p e n s a t e d net e x p a n s i o n c o r 
r e c t i o n to the p lu ton ium Dopp le r m e a s u r e m e n t m u s t be wel l u n d e r 15% of 
the s i g n a l s e e n . 



A second proposed source of expansion will be tested before the 
completion of the present set of Doppler experiments. 

Since the plutonium value is of particular interest the experimental 
data are shown in Figure 2 exactly as they were obtained. The resul ts for 
all the measurements a re generally the same as shown in the figure. 
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Figure 2. Doppler Reactivity Measurements for Plutonium-239 in Assembly 45A of ZPR-III 

2. Z P R - V I 

a. Sodium Void Coeff ic ien ts . A s e r i e s of m e a s u r e m e n t s w e r e 
m a d e in A s s e m b l y No. 3 of Z P R - V I to d e t e r m i n e the effects of v a r i o u s 
p a r a m e t r i c changes on the sodium void coeff ic ient . The e x p e r i m e n t s w e r e 
p e r f o r m e d in a (~27-cm d i a m e t e r ) r eg ion which con ta ined 21 c e n t r a l 
d r a w e r s in each half of the r e a c t o r . The e x p e r i m e n t a l r e g i o n inc luded the 
en t i r e co re length of 50 c m . 

, , , '^^^ '^"'•^ '^ app rox ima te ly c y l i n d r i c a l , with a l e n g t h - t o - d i a m e t e r 
(L /D) ra t io of about o n e - t h i r d . The c o r e m a t e r i a l s a r e in the f o r m of r e c 
t angu la r p la t e s of v a r i o u s t h i c k n e s s e s ( l / l 6 in . , l / 8 in . , and 1/4 in ) wh ich 
a r e loaded into d r a w e r s . P l ac ing t h e s e d r a w e r s into the r e a c t o r m a t r i x 
squa re tubes f o r m s cont inuous p lanes of the v a r i o u s m a t e r i a l s ex tend ing in 
the r a d i a l and axia l d i r e c t i o n s . 



The first set of experiments was desgined to compare the appar
ent sodium void coefficient, when all the sodium planes within the experi 
mental region are voided, to that obtained when only every other sodium-
filled can is voided to form a checker-board pattern. The sodium-filled cans 
used in these experiments were all 2 in. or 3 in. long. The resul ts are sum
mar ized in Table II. 

Table II. Comparison of Reactivity with Sodium 
Planes Aligned and Unaligned in Reactor Halves 

Configuration Ih/kg 

Void Planes Discontinuous -3.22 ± 0.11* 
Void Planes Continuous -3.45 ± 0.06 

*451 Ih = 1% reactivity. 

In the next set of experiments , the thicknesses of the sodium 
columns within a drawer were varied. In each case the remaining core 
mate r ia l s were rear ranged to approximate, as closely as pract icable , a 
honnogeneous mixture . The mater ia l s contained in each drawer a re listed 
in Table III. 

Table III. Mater ial Schedule of Each Test Drawer 

Mater ia l 

Enriched Uraniuin 
Depleted Uranium 
Carbon 
Sodium 
Void 

Symbol 

E 
D 
C 
N a 
V 

Th ickness. 
in. 

l / l 6 
1/8 
1/8 
1/4 
1/4 

Number of 
C olumns 

2 
4 
3 
4 
-

The arrangement of these components within each drawer , as 
viewed from the front, is shown in Table IV for each thickness of sodium. 
The movable half-drawer loadings were m i r r o r images of the stationary 
half-drawer loadings. For this experiment the test zone extended only 15 cm 
axially outward from the core center into each half of the reac tor . (The 
total axial length of the region was 30 cm.) The experiment was performed 
by removing all of the sodium in the drawer and replacing it with voids to 
obtain the effect of sodium on reactivity. 



Table IV. Reactivity Measurement When 
Sodium in Both Reactor Halves Is Aligned 

£7 J. T., , Material Arraneempn Sodium Thickness, ^iaiigcmen 

Stationary Half Movable Halt Ih/kg 

1-A 

2-A 

3-A 

1/4 

1/2 

1 

NaCEDNaDCDNaCEDNa NaDECNaDCDNaDECNa -1.24 + 0.07 

DCEDNaNaCDECDNaNa NaNaDCEDCNaNaDECD -1.52 + 0.07 

NaNaNaNaDCEDCDECD DCEDCDECDNaNaNaNa -1.96 ±0.09 

Stationary and movable halves are the sanie 

4-A 2 NaNaNaNaNaNaNaNaDCEDCDECDDCEDCDECD» -2.64 ± 0.07 

* Iterated over two drawers. 

In the above experiments the sodium columns in the stationary 
half were aligned with the sodium columns in the movable half, as were the 
other materials in the drawers . Thus, continuous columns of the same 
materials extended axially through the core. 

The second part of these experiments with sodium columns of 
different thickness involved measurements in which the sodiuna colunnns in 
the stationary half of the reactor were not aligned with those in the movable 
half. Other parameters were the same as those in the previous experiment, 
in which the sodium columns in both halves of the reactor were aligned. The 
results are shown in Table V. 

Table V. Reactivity Measurements When Sodium 
in Both Reactor Halves Is Not Aligned 

Pattern 

1-A 

2-A 

3-A 

4-A 

Sc idiun:! Thickness, 
in. 

1/4 

1/2 

1 

2 

Material Arrangement 

Stationary Half Movable Half Ih/kg 

See Table IV and Text See Table IV and Text -2.12 ± 0.09 

See Table IV and Text See Table IV and Text -2.98 ±0.07 

The results shown m Tables IV and V are difficult to interpret 
because of the rearrangement of other drawer mater ia ls which was neces
sary to obtain the various thicknesses of sodium. 

+ +• ̂ ^^ ^ r ' / ^ " °^ measurements were designed to aid in this 
interpretation. The drawers were loaded as indicated in Table VI and 
selected regions of various thicknesses were voided from the one-'inch-
wide sodium columns. The measured data are also tabulated in Table VI 



Table VI. Reactivity Measurements Made When Selected Regions 
Are Voided Next to the Sodium Columns 

Mater ia l Arrangement 

Stationary Half Movable Half Notes Ih/k 

DCDECNaNaNaNaDECD DCEDNaNaNaNaCEDCD Reference Loading 

DCDECV*NaNaVDECD DCEDVNaNaVCEDCD l /4 - in . Voids Aligned -1.94 ±0 .09 

DCDECVNaVNaDECD DCEDVNaVNaCEDCD l /4 - in . Voids Not Aligned -1.89 ±0 .09 

DCDECNaVVNaDECD DCEDNaVVNaCEDCD l / z - i n . Voids Aligned -2.00 ± 0.09 

DCDECVVNaNaDECD DCEDVVNaNaCEDCD l /2 - in . Voids Not Aligned -1.90 ±0 .09 

DCDECVVVVDECD DCEDVVVVCEDCD 1-in. Void Aligned -1.85 ±0 .09 

*In this and the subsequent table, voids a re indicated by "V" to show which sodium 
columns were removed for the experiment . The columns l isted as sodium were not 
voided during these exper iments . 

The above void configurations resulted in the same sodium void 
coefficient (within the experimental uncertainties), which is the same as 
found for the 1-in. void experiment in Table IV. The latter is perhaps not 
too surprising since the loading patterns are quite s imilar . 

F rom these measurements one is tempted to infer that the 
mater ia l arrangment within a drawer and not the thickness of the voided 
region is the important parameter . Thus, the last set of measurements 
was designed to investigate the sodium void coefficient when the sodium 
was selectively voided near certain other drawer mater ia l s . The measu re 
ments were made with the experimental region extended axially both 30 cm 
and 50 cm. Only the 50-cm data are presented here since the associated 
uncertainties a re lower and since the same character is t ics are exhibited 
in the 30-cnn data. Again, the mater ia l columns are continuous through 
both halves of the reactor , i.e., they are not staggered. The loading pat
terns utilized and the resulting data are presented in Table VII. The r e 
sults are being analyzed. 

Table VII. Reactivity Measurements Made with 
Voids Placed Adjacent to Selected Mater ia ls 

Mater ia l Arrangement 

Stationary Half Movable Half Notes Ih/kg 

DVCEDVCDVECDV VDCEVDCVDECVD Normal Drawer Loading Voided -3.48 ± 0.06 

DVCECVCDNaDEDNa NaDEDNaDCVCECVD Voided by C -4.06 ± 0.06 

DNaCECNaCDVDEDV VDEDVDCNaCECNaD Voided by D -3.10 ±0 .06 

DVCECVCDVDEDV VDEDVDCVCECVD Voided by C a n d D - 3 . 5 9 + 0 . 0 6 

VCEDVDCDVCEDV VDECVDCDVDECV Fuel between C and D -3.66 ± 0.06 



3. Z P R - I X 

a. H y d r o g e n W o r t h . F r o m the o u t s e t of the Z P R - I X p r o g r a m it h a s 
b e e n r e c o g n i z e d tha t the in f luence of h y d r o g e n on c o r e r e a c t i v i t y would be 
qui te difficult to p r e d i c t t h e o r e t i c a l l y b e c a u s e of the r e l a t i o n s h i p b e t w e e n 
h y d r o g e n c o n c e n t r a t i o n and c o r e c o m p o s i t i o n . The m e a s u r e m e n t s and c o r 
r e s p o n d i n g a n a l y s e s which h a v e b e e n p e r f o r m e d to da te c o n f i r m t h i s . 

The e x p e r i m e n t s , conf ined to d e t e r m i n g the d e p e n d e n c e of cen t r a l 
h y d r o g e n w o r t h on c o n c e n t r a t i o n , h a v e shown tha t the m a g n i t u d e and even the 
s ign of c e n t r a l h y d r o g e n w o r t h s a r e v e r y s e n s i t i v e to s m a l l c h a n g e s in co re 
c o m p o s i t i o n . T h u s , for Z P R - I X A s s e m b l y N o . 4 which had 60 v / o t ungs t en 
in the c o r e , a p o s i t i v e c e n t r a l h y d r o g e n w o r t h of +3.35 I h / g w a s m e a s u r e d . 
F o r Z P R - I X A s s e m b l y No. 4B , wh ich d i f f e red f r o m A s s e m b l y 4 only by 
having 3.7% of the c o r e vo lume r e p l a c e d by r h e n i u m (see P r o g r e s s R e p o r t 
for O c t o b e r , 1964, A N L - 6 9 6 5 , p . 4), the c e n t r a l h y d r o g e n w o r t h w a s 
-2 .9 I h / g of h y d r o g e n . 

T h i s s ens i t i v i ty of the h y d r o g e n w o r t h is r e f l e c t e d in the t h e o 
r e t i c a l c a l c u l a t i o n s . S e v e r a l ava i l ab l e codes ( such a s M A I M - 6 and DSN) 
w e r e u s e d to p r e d i c t the r e a c t i v i t y effect of u n i f o r m l y d i s t r i b u t e d h y d r o g e n 
in the c o r e and the r e f l e c t o r . The A N L - 2 2 4 and A N L - 2 0 1 c r o s s - s e c t i o n 
l i b r a r i e s w e r e u s e d in the c a l c u l a t i o n s . The r e s u l t s showed a l a r g e depend
ence on the me thod and the c r o s s s e c t i o n s u s e d . D i f f e r e n c e s for i d e n t i c a l 
s t a r t i n g condi t ions in some c a s e s v a r i e d by a f a c t o r of 3 in h y d r o g e n w o r t h . 

An e x p e r i m e n t a l p r o g r a m to m e a s u r e the u n i f o r m l y d i s t r i b u t e d 
hydrogen wor th h a s been p lanned . The c e n t r a l w o r t h m e a s u r e m e n t s a r e 
c o m p l i c a t e d by unavoidable c o n c e n t r a t i o n d e p e n d e n c e . U n i f o r m l y d i s t r i b 
u ted w o r t h can be m e a s u r e d m o r e c o n s i s t e n t l y for low h y d r o g e n c o n c e n t r a 
t i o n s . I n t e r p r e t a t i o n of t h e s e r e s u l t s i s t h e r e f o r e m o r e s t r a i g h t f o r w a r d 
than f rom highly c o n c e n t r a t e d , c e n t r a l l y l oca t ed m a t e r i a l . 

b . A s s e m b l y No. 5. P r e v i o u s r e p o r t s have p r e s e n t e d the e x p e r i 
m e n t a l da ta obta ined f rom a s e r i e s of a s s e m b l i e s : u r a n i u m ; u r a n i u m -
tungs ten ; tungs ten ; and t u n g s t e n - r h e n i u m di lu ted ; U ^ ^ - f u e l e d ; and a l u m i n u m 
re f l ec t ed . A n a l y s i s of t h e s e da ta has in a l a r g e m e a s u r e b e e n r e l a t i v e to 
s i m i l a r m e a s u r e m e n t s m a d e on s y s t e m s d i lu ted and r e f l e c t e d only wi th 
u r a n i u m Such p a r a m e t e r s as c r i t i c a l m a s s and c e n t r a l r e a c t i v i t y coef-
a b o T V o n ' J V r '^^^^-'^'y — i t i v e to n e u t r o n s wi th e n e r g i e s be low 
about 100 k e v b e c a u s e of the h a r d n e s s of the s p e c t r a c h a r a c t e r f z i n g t h e s e 
s y s t e m s . In o r d e r to gain m o r e in fo rma t ion r e g a r d i n g the d e p e n d e n c e of 
c r i t i c a l m a s s and c e n t r a l w o r t h s on r e s o n a n c e a b s o r p t i o n and s c a t t e r i n g 
of t u n g s t e n , an a l u m i n u m - r e f l e c t e d c o r e with a l a r g e v o l u m e f r a c t i o n of 
g r a p h i t e was a s s e m b l e d in the ZPR-IX fac i l i ty . T h i s a s s e m b l y (No 5) h a s 
the sof tes t s p e c t r u m of any of the Z P R - I X a s s e m b l i e s s tud i ed to da t e and 
p r o v i d e s a good t e s t of the ava i l ab le c r o s s s e c t i o n s e t s for the r e s o n a n c e 
e n e r g y r eg ion . i c o u n d n c e 



C o m p o s i t i o n and e x p e r i m e n t a l l y d e t e r m i n e d p r o p e r t i e s of 
A s s e m b l y No . 5 a r e l i s t e d in T a b l e VIII. 

Table VIII. Composition and Propert ies of 
ZPR-IX Assembly No. 5 

Reflector: Aluminum 

1.153 kg U^ 
Typical Drawer Loading: 

Fuel, 4 col. 1/16 x 2 x 11 in,, 
0.1125 kg U''-

Diluent, 7 col. l / s x 2 x 11 in., 0.5097 kg C 
5.626 kg W 

Critical Mass, Uncorrected: 365.01 kg U^" 
Excess Reactivity 112.9 Ih 
Length, including air and aluminum central gap 
Radius, equivilent 

56.22 cm 
31.54 cm 

Central Fuel Worth: 

Edge Fuel Worth: 

198.03 Ih/drawer 
129.08 Ih/kg U"* 

59.13 Ih/drawer 
19.77 Ih/kg U"5 

Critical Composition, Corrected for Excess Reactivity: 
Volume 
U"* 

u"» 
W 
C 
Al 
F e 

199.2 
358.27 

26.27 
1297.27 

117.54 
60.295 
4.191 

li ters 
kg 
kg 
kg 
kg 
kg 
kg 

0.00461 X 10^* a toms/cm' 
0.000334 " " " 
0.0213 ' 
0.0296 " " " 
0.00675 
0.000227 " " " 

A s e r i e s of m e a s u r e m e n t s of c e n t r a l r e a c t i v i t y w o r t h w e r e 
m a d e wi th the s a m e s a m p l e s as p r e v i o u s l y r e p o r t e d on the p r e c e e d i n g 
a s s e m b l i e s . T h e s e da ta a r e s u m m a r i z e d in Tab le IX. 

Table IX. Measurements of Central Reactivity Worth 

Sample 

U235 

u"» 
U233 

w 
Re 
310 

C 
W oxide 
Al 
AI2O3 
Au 

Weight , 

g 

135.04 
507.0 
110.33 

1052 
1267.6 

29.29 
103 

51.699 
166.9 
237.9 

1186 

M e a s u r 

Ih 

+ 26.61 
-4 .16 

+40.08 
-17 .14 
-83 .10 
-97 .24 

-2 .12 
-0 .8775 
+0.05 
+0.99 

-37 .47 

ed Wor th 

I h / k g 

+197.1 
-8 .2 

+363.0 
-16 .3 
-65 .6 

-3330 
-20 .6 
-17 

+ 0.3 
+4.2 

-31 .6 
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In an effort to d e t e r m i n e the r e l a t i v e r e a c t i v i t y of a b a r e c o r e 
to a r e f l e c t e d c o r e , a l l the r a d i a l r e f l e c t o r m a t e r i a l in about a 15° a n g u l a r 
zone f rom the c o r e ax i s w a s r e m o v e d f r o m one oc tan t of the r e a c t o r . T h i s 
p r o d u c e d a r e a c t i v i t y l o s s of 89 Ih. F o r voiding about a 30° a n g u l a r z o n e , 
the l o s s was 158 Ih. E x t r a p o l a t i o n o v e r t he whole c o r e f r o m t h e s e two m e a 
s u r e m e n t s y i e l d s an e s t i m a t e d r a d i a l r e f l e c t o r w o r t h of 1 l7o A k / k . 

O t h e r s t u d i e s r e l a t e d to the r a d i a l r e f l e c t o r w o r t h i nc luded m e a 
s u r e m e n t s with a 1 /2- in . a i r - a n d - g r a p h i t e l a y e r o v e r 18.8% of the c o r e s u r 
face at the c o r e r e f l e c t o r i n t e r f a c e in the s t a t i o n a r y half. R e s u l t s a r e given 
in T a b l e X. 

T a b l e X. Edge W o r t h s of R e f l e c t o r 

W o r t h of E x t r a p o l a t e d a r o u n d 
S a m p l e , E n t i r e C o r e , 

Ih Ih 

1/4- in. l a y e r of a l u m i n u m , r e f e r e n c e 0 
1/4- in. a i r ( r e m o v a l of 1188.4 g Al) - 5 . 2 
1/2- in. a i r ( r e m o v a l of 2376.8 g Al) - 1 1 . 4 
1/2- in . g r a p h i t e , 1326.7 g +7.2 

- 5 5 . 5 
-118.5 
+ 76.8 

Of i n t e r e s t to the c o n t r o l p r o b l e m is t he w o r t h of a B ' ° r i ng s u r 
rounding the c o r e at v a r i o u s r a d i a l p o s i t i o n s in the r e f l e c t o r . F o r t h e s e 
m e a s u r e m e n t s , a r ing of b o r o n e n r i c h e d in B " w a s p l a c e d at d i f f e ren t r a d i a l 
pos i t i ons th rough a 43° pie sec t ion (about o n e - e i g h t h of the r a d i a l r e f l e c t o r in 
1/2 of the r e a c t o r ) . R e s u l t s a r e given in T a b l e XI. 

Tab le XI. Boron Wor th in R e f l e c t o r 

N o . 

1 

2 

3 
4 

5 

6 

7 

8 
9 

10 

Ring 

Inner 

36.22 
36.22 
41.75 
36.66 
45.87 
45.87 
51.72 
57.25 
62.78 
73.84 

R a d i u s , 
c m 

Oute r 

36.54 
36.86 
42.07 
36.73 
46.83 
46.83 
52.35 
57.88 
63.41 
74.47 

T h i c k n e s s , 
c m 

0 . 3 1 8 
0.636 
0.318 
0.638 
0.638 
0.638 
0.638 
0.638 
0.638 
0.638 

Weight of B ' ° , 

g 

9 7 . 

195 

9 8 . 

195 

195 

2 3 4 

2 7 3 

315 
352 
3 9 0 

6 

0 

R e a c t i v i t y , 
Ih 

- 2 0 . 9 
- 4 2 . 0 5 
- 1 1 . 6 5 
- 2 4 . 1 4 
- 1 4 . 1 4 
- 1 8 05 
-17 n?. 

Not r eported 

- 0 . 2 
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B. Fast Reactor Systems and Concepts 

1. 1000-MWe Metal-fueled Fast Breeder Reactor Study 

a. Design. A reference concept of a metal-fueled fast reactor is 
being examined to delineate its thermal, neutronic, and economic per
formance for the production of electricity at competitive cost according 
to private utility practice consistent with a breeding ratio of 1.4 to 1.6. 
General data for the concept are presented in Table XII. 

Table Z E 

General Data for Metal-fueled Fast Reactor 

1. 

2. 

3. 

4. 

5. 

6. 

Reactor Geometry 

Core Module Height 
Core Module Equipment Diameter 
Core Module Volume 
Number of Modules 
Diameter of Ring at Blanket Edge 

Fuel Data for Core Modules 

Fissile Concentration of Fuel: 
Initial 
Final 
Internal Breeding Ratio 

Fuel Data for the Reactor 

Total Breeding Ratio 
Plutonium Fissions/Total Fission 
Net Plutonium Produced 

Power 

Total Reactor Power 
Fraction Produced in Core 
Core Average Power Density 
Core Specific Power 

Fuel Element 

Composition (v/o) 
Cladding of V-20 w/o Ti 
Expanded Fuel 

Core Composition and Loading 

Composition (v/o) 
Sodium 
Stainless Steel Structure 
Control Regions 
Fuel Element 

Initial Core Loading U + Pu 

3 ft 
3.5 ft 
840 liters 
6 in a ring 
19 ft 

15 w/o 
13.4 w/o 
0.65 

1.5 
0.80 
0.45 gm/MWD 

2520 MWt 

0.87 
434 kW/liter 
740 kW/kg 

30 
70 

40 
9 
6 

45 

18.4 metric tons 

7. Axial Blanket 

Uranium Density, Final 
Design Maximum Burnup 
Weight of Uranium in Reactor 

8. Beryllium Blanket 

Height of Zone 
Zone Thickness 
Composition (v/o) 

Beryllium 
Stainless Steel 
Sodium 

9. Inner Radial Blanket 

Thickness 
Cladding Outside Diameter 
Expanded Uranium Density 
Design Maximum Burnup 
Weight of Uranium in Reactor 

Cladding, Outside Diameter 
Expanded Uranium Density 
Design Maximum Burnup 
Weight of Uranium in Reactor 

15 gm/cm^ 
1.2 a/o 
17,2 metric tons 

51 in. 
2.1 in. 

83 
12 
5 

2.4 in. 
0.21 in. 
15 gm/cm^ 
2 a/o 
8.5 metric tons 

0.58 in. 
15 gm/cm^ 
1.8 a/o 
73.3 metric tons 

A metal-fueled model which allows swelling is used to postu
late high burnup. Swelling res t ra int is provided by the cladding tube. Most 
of the swelling is attributed to the fission product gases which gradually 
build up pressure until a limiting s t ress condition is reached which depends 
on the volumetric allowance for swelling and the properties of the cladding. 
According to this model, the burnup can proceed to an arbi t rary limit. In 
practice, the lin^it is set by the heavy-atom density required for suitable 
neutronic performance. 



12 

An a v e r a g e b u r n u p of 5.5 p e r c e n t of the u r a n i u m and p l u t o n i u m 
is p r o v i d e d for by r e s t r a i n t of the f i s s i on p r o d u c t g a s e s by 1 7 - m i l - t h i c k 
v a n a d i u m - 2 0 w / o t i t a n i u m c l add ing . At a l i n e a r hea t r a t e of 6.5 k w / f t 
(13 k w / f t m a x i m u m ) , the fuel c e n t e r l i n e hot spot t e m p e r a t u r e is abou t 
1500°F. A m i x e d exi t s o d i u m t e m p e r a t u r e of 1000°F is c o n s i s t e n t wi th an 
a v e r a g e s o d i u m ve loc i ty of 20 f t / s e c and m a x i m u m c ladd ing t e m p e r a t u r e 
of about 1100°F. At th is t e m p e r a t u r e , the e x p e c t e d c r e e p r a t e i s low enough 
to p e r m i t e n d - o f - b u r n u p hoop s t r e s s of about 25,000 ps i for the b u r n u p r a t e 
of 5.5 p e r c e n t in 1.5 y e a r s . 

The above p e r f o r m a n c e da ta a r e b a s e d on a fuel a l loy wi th a 
d i a m e t e r of 0 .150- in . c e n t e r e d in a s o d i u m - b o n d e d c l ad tube of 0 .21- in . 
ou t s ide d i a m e t e r . As b u r n u p p r o c e e d s , the fuel e x p a n d s to a d i a m e t e r of 
0.176 in . , d i sp l ac ing the sod ium bond to a r e g i o n above the u p p e r ax ia l 
b l anke t . The ax ia l expans ion is l i m i t e d to 5 p e r c e n t . The a v e r a g e dens i t y 
of the u r a n i u m - p l u t o n i u m al loy upon e x p a n s i o n is 12 g m / c c . Th i s i s the 
m i n i m u m dens i ty of the fuel which o c c u r s a t about 1% b u r n u p and d o e s not 
change t h e r e a f t e r . The r e s u l t i n g r e a c t i v i t y change o v e r a s i x - m o n t h pe r iod 
can eas i ly be c o m p e n s a t e d for and s t i l l a l low shu tdown m a r g i n of about 
5% Ak/k within the 6 v / o a l l oca t ion for c o n t r o l . 

The fuel e l e m e n t a r r a n g e m e n t a l lows 40 p e r c e n t of the c o r e 
c r o s s sec t ion for coolant flow. The t e m p e r a t u r e r i s e of the s o d i u m is 280°F 
for c o r e height of 3 ft. 

The t h e r m a l and s t r u c t u r a l d e s i g n is b a s e d on an a c c e p t a b l e 
combina t ion of r e a c t i v i t y effects for the m a t e r i a l s e m p l o y e d . The o v e r a l l 
effect a t 40% r e m o v a l of sod ium is roughly - 0 . 3 % Ak/k . Some n e g a t i v e due 
to ax ia l expans ion of the fuel is expec ted . 

The ope ra t i ng t e m p e r a t u r e l e v e l s d i s c u s s e d above a r e b a s e d on 
a fuel with the so l idus t e m p e r a t u r e typ ica l of a 5% f i s s i u m , 18% p l u t o n i u m 
m i x t u r e in u r a n i u m . The so l idus t e m p e r a t u r e is r e d u c e d r o u g h l y 10°C for 
each p e r c e n t of f i s s i u m and p lu ton ium in the m i x t u r e to give f i r s t m e l t i n g 
at about 900°C (1630°F). The des ign is f eas ib le for a fuel wi th r e c y c l e 
f i s s ion p r o d u c t s , but t h e r e is a s igni f icant penal ty in t e m p e r a t u r e l e v e l b e -
c a u s e of the i r p r e s e n c e . 

, . . ^'"'='= ' ' '^ '•^ ^°<=^ "^"t s e e m to be any i n h e r e n t r e a s o n for u s i n g 
f i s s i u m in a des ign b a s e d on any m o d e l of m e t a l fuel b e h a v i o r a t h igh b u r n -
up. It IS not being c o n s i d e r e d in the economic or n u c l e a r p e r f o r m a n c e of the 
c u r r e n r e f e r e n c e des ign . The t h e r m a l p e r f o r m a n c e p r e d i c t e d is not to be 
r e - e v a l u a t e d unti l e x p e r i m e n t a l r e s u l t s a r e a v a i l a b l e on the c h a r a c t e r i s t i c s 
of t e r t i a r y s y s t e m s of t i t an ium or z i r c o n i u m in U - P u . P r e l i m i n a r y i n f o r 
m a t i o n on these s y s t e m s ind i ca t e s that fuel d e n s i t i e s of 1 2 to 1 3 g m / c c of 
U - P u a r e pos s ib l e at a so l idus t e m p e r a t u r e n e a r the m e l t i n g point of 
u r a n i u m , 11 30°C (2060°F). i mg p o m i ot 
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If the thermal conductivity and other propert ies of the ter t iary 
systems are favorable, improvement in thermal performance as follows 
may be obtained: 

(i) a larger temperature difference for a greater Doppler 
effect on reactivity before any fuel melting occurs; 

(ii) a higher linear power rating than 6 kw/ft to allow a 
larger pin size at fixed specific power; 

(iii) a higher mixed exit sodium temperature; 

(iv) higher burnup than 5.5 percent at 12 to 13 gm/cc . 

b. Physics. Initial studies were based on the use of uranium-
plutonium-4.5 w/o fissium fuel alloy with heavier plutonium isotopes ap
propriate to a pyrometallurgical reprocessing scheme in which excess 
plutonium is removed from the blankets. Additional studies with a 
uranium-plutonium fuel alloy containing titanium or zirconium showed 
such fuels to have significant overall neutronic advantages compared with 
the fissium fuel. 

Multigroup diffusion-theory calculations have been used to de
termine static charac ter is t ics , including sodium void and Doppler coeffi
cients, breeding paramete rs , and power distributions. The effect of the 
introduction of zones of metallic beryllium in the blanket to enhance the 
Doppler coefficient have been studied. 

Some analyses in spherical geometry for an 840-liter module 
with a zero flux outer boundary condition are summarized in Table XIII. 
The calculated total breeding ratios are somewhat pessimistic when 
module coupling is truly accounted for. 

idealized Calculations 

Problem Number; 

Fuel Diluent 

N U / N P U 

Presence of 

Beryllium 

Blanket 

Thickness (cm) 

Core Sodium 

Void Coefficient 

Dofjpler 

Coefficient 

» ik/kl« 

CCR' 

TBR9 

46 

Fs 

5.7 

Yes 

23 

-0.27 

-0.32 

0.65 

1.37 

47= 

Fs 

5.4 

No 

33 

0.61 

1.39 

48 

Fs 

5.5 

No 

23 

-0.29 

-0.12 

0.62 

1.56 

49 

None' 

6.0 

Yes 

23 

0.71 

1.45 

50 

Ti 

6.0 

Yes 

23 

-0.44 

-0.47 

0.71 

1.44 

52 

Fs 

5.5 

No 

46 

0.62 

1.68 

53 

Fs 

5.6 

Yes 

46 

0.65 

1.43 

54 

Ti 

5.8 

No 

23 

-0.53 

-0.18 

0.66 

1.62 

55 

None^ 

6.2 

No 

23 

-0.39 

-0.17 

0.72 

1.65 

3Axial Blanket - All other problems with radial blanket and dimensions. 

blow-density U-Pu. 

CHigh (theoretical) density U-Pu. 

tlFor 40% sodium loss in core. 

epor yW-lSOO^K. 

fCore Conversion Ratio. 

9Total Breeding Ratio; all blankets surrounded by steel reflector. 
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The n e u t r o n i c pena l ty t h r o u g h u s e of an e c o n o m i c b l a n k e t m a y 
be seen by c o m p a r i n g P r o b l e m No. 52 with No. 48 and No. 53 with No. 46. 

Dynamic a n a l y s e s have b e e n in i t i a t ed to se t r e a l i s t i c safe ty 
c r i t e r i a unde r r e a c t o r o p e r a t i n g c o n d i t i o n s . In add i t ion , a v a r i e t y of p e r 
t inent c a l cu l a t i ons in c y l i n d r i c a l g e o m e t r y have been p e r f o r m e d to ob ta in 
m o r e de ta i l ed n e u t r o n i c u n d e r s t a n d i n g of the r e a c t o r de s ign , inc lud ing 
module coupling coe f f i c i en t s , l o n g - t e r m r e a c t i v i t y b e h a v i o r , and r e q u i r e 
m e n t s for r e a c t o r c o n t r o l . 

c. F u e l Cyc le . The fuel cyc l e u s e d wi th th i s s tudy is the E B R - I I 
s y s t e m , us ing in ject ion c a s t i n g for fuel f a b r i c a t i o n , and p y r o m e t a l l u r g y for 
r e p r o c e s s i n g both c o r e and b lanke t . The in i t i a l s t u d i e s w e r e r e l a t e d to the 
f i s s ium a l loys ; m o r e r e c e n t e x p l o r a t o r y w o r k c o n s i d e r e d U - P u s y s t e m s con
taining t i t an ium o r z i r c o n i u m . 

The o v e r a l l f ue l - f ab r i ca t i on o p e r a t i o n was b r o k e n down into i ts 
componen t p a r t s as shown in F i g u r e 3. F r o m th i s a F O R T R A N C o m p u t e r 
p r o g r a m was fo rmu la t ed , m a d e up of about two h u n d r e d v a r i a b l e s which 
influence fabr ica t ion c o s t s and add f lexibi l i ty to the s y s t e m of c a l c u l a t i o n , 
to e s t i m a t e f ab r i ca t ion c o s t s v e r s u s th roughput fue l -p in d i a m e t e r and fue l -
pin length. Two types of c o r e fuel pins a r e c o n s i d e r e d : " s e g r e g a t e d " and 
" i n t e g r a t e d . " In the f o r m e r , the c o r e and ax ia l b l anke t s e c t i o n s a r e in 
s e p a r a t e j a c k e t s ; in the l a t t e r , both a r e in the s a m e j a c k e t . 

The c h e m i c a l s e p a r a t i o n p r o c e d u r e for f i s s i u m fuel i s p r e s e n t e d 
in F i g u r e 4. The p r o c e s s employs m o l t e n m e t a l s and s a l t s to r e c o v e r and 
pa r t i a l l y decon tamina t e u r a n i u m and p lu ton ium by a s e q u e n c e of s e l e c t i v e 
oxidat ion and r educ t ion r e a c t i o n s . The p y r o m e t a l l u r g i c a l p r o c e s s i n g does 
not p rov ide comple t e s e p a r a t i o n of f i s s ion p r o d u c t s . 

The c o r e and b lanke t fuel a s s e m b l i e s a r e r e m o v e d f r o m the 
r e a c t o r and t r a n s f e r r e d to a s o d i u m - c o o l e d tank, w h e r e they a r e r e t a i n e d 
for 15 days . During the pe r iod of cooling the r a t e of hea t g e n e r a t i o n f r o m 
the decay of f i s s ion p r o d u c t s d i m i n i s h e s suff ic ient ly to afford a s u b s t a n t i a l 
r educ t ion in the cooling r e q u i r e m e n t s in s u b s e q u e n t p r o c e s s s t e p s . The 
influent s t r e a m s in p y r o m e t a l l u r g i c a l p r o c e s s i n g a r e not sub jec t to r a d i a 
tion d a m a g e ; t h e r e f o r e , an extended pe r iod of cool ing is not r e q u i r e d . 

After cool ing, the fuel a s s e m b l i e s a r e s t e a m c l e a n e d to r e m o v e 
r e s i d u a l sod ium and then d i s a s s e m b l e d ; the e x c e s s s t r u c t u r a l m e t a l i s r e 
moved and d i s c a r d e d . The cladding is m e c h a n i c a l l y s t r i p p e d f r o m the fuel 
e l e m e n t s . 

, J^^ '=°"'= ^"^ '^ l^" '^^ ' f^el^ a r e p r o c e s s e d s e p a r a t e l y , and only 

T^ M ' \ " ' 'f'*^^ ' ° ' ' " ° " ^ ^"-"^ °^ * ^ nonvo la t i l e f i s s i on p r o d u c t s 
The b lanke t nonvola t i le f i s s ion p r o d u c t s a p p e a r e i t h e r in the u r a n i u m o r in 
he Plutonium produc t , which is r e c y c l e d to the c o r e fuel to r e p l e n i s h i t s 

f i s s i l e content . 
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Declad c o r e fuel i s m e l t e d and c o n t a c t e d with a fused sa l t 
ex t r ac t an t containing m a g n e s i u m c h l o r i d e at 1150°C. S t r o n t i u m , b a r i u m , 
rubid ium, c e s i u m , y t t r i u m , and the r a r e e a r t h s a r e ox id i zed by m a g n e s i u m 
chlor ide and e x t r a c t e d into the sa l t as the c h l o r i d e s . About 99 p e r c e n t of 
these e l emen t s a r e r e m o v e d in the r a r e e a r t h s rennoval s t e p . The r a r e 
gases (krypton and xenon) and m a g n e s i u m p r o d u c e d by the r e d u c t i o n of 
m a g n e s i u m ch lor ide s e p a r a t e f rom the m o l t e n m e t a l by v o l a t i l i z a t i o n . 

The sa l t s t reann is d i s c a r d e d , and a f r a c t i o n of the c o r e al loy 
is t r ea t ed to r emove noble m e t a l s in o r d e r to m a i n t a i n the noble m e t a l 
content of the p r o c e s s e d co re alloy at any d e s i r e d l e v e l . In the noble 
me ta l s epa ra t ions s t ep the c o r e al loy is c h l o r i n a t e d a t 650°C with a fused 
sal t containing cadmium ch lo r ide . U r a n i u m and p lu ton ium a r e he ld in the 
sa l t phase as the c h l o r i d e s . The noble m e t a l s a r e not c h l o r i n a t e d and 
appea r in the mol ten cadmium phase which is p r o d u c e d a s a c o n s e q u e n c e 
of the reduct ion of c admium ch lo r ide . The c a d m i u m p h a s e is d i s c a r d e d . 
Uran ium and plutonium a r e s t r ipped f rom the sa l t phase of the noble m e t a l 
s epa ra t i on s tep by reduc t ion at 600°C with m a g n e s i u m in c a d m i u m - z i n c 
solution. 

The dec lad b lanket fuel is d i s so lved in an 89.4 w / o c a d m i u m -
10.6 w / o zinc solut ion at 650°C. This m e t a l s t r e a m is c o m b i n e d wi th the 
por t ion of the c o r e that was s t r i pped of noble m e t a l s a s a so lu t ion of U C l , 
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and PUCI3 in molten salt. Sufficient magnesium is added to reduce the 
actinides from chlorides to metal and bring the magnesium content of the 
molten metal solution to about 10 w/o. To partition uranium and plutonium, 
the magnesium concentration is increased by distilling most of the cadmium 
and some zinc from the mixture. When the magnesium concentration of the 
solution is increased to 50 w/o, uranium precipitates as the metal and 
plutoniuna remains in solution. The uranium product, which is used to 
fabricate blanket fuel elements, contains about one part of plutonium per 
one-thousand parts of uranium. The plutonium product, which is used to 
replenish the fissile content of the core fuel, contains about one part of 
uranium per one-hundred parts of plutonium. 

The uranium product of the partition step consists of precipi
tated uranium metal and about 10 w/o residual magnesium superreactant . 
The uranium product s t ream is retorted in a beryllia crucible to volatilize 
the solvent metal, and the uranium is recovered as an ingot of metal. The 
concentrated plutonium product is retorted in a beryllia crucible to remove 
the remaining solvent metal. 

Z. Comparison of Electricity-generating Units 

A study of the influence of changing steam pressure and temperature 
on thermal efficiency and capital cost of the turbine-generator plant for 
500 MWe and 1000 MWe stations has been completed by United Engineers 
and Constructors, Inc., under subcontract to Argonne National Laboratory. 

The resul ts are as follows: 

Designation 

500 MWe 
500 A 
500 B 
500 C 
500 D 

1000 MWe 
1000 A 
1000 B 
1000 C 
1000 D 

Steam Condition, 
Psig - ° F / ° F 

3500-1000/1000 
2400-1000/1000 
1800- 900/900 
1000- Dry and Satura 

3500-1000/1000 
2400-1000/1000 
1800- 900/900 
1000- Dry and Satura 

.ted 

.ted 

Net Thermal 
Efficiency, 

Percent 

42.6 
41.8 
39.7 
33.2 

42.9 
42.1 
39.8 
33.5 

Capital Cost, 
$/Net kW 

52.06 
50.99 
52.17 
66.26 

46.26 
44.98 
48.37 
60.62 

One of the major reasons for the study was to have comparative, 
consistent, and documented information about the electricity-generating 
portion of a central station power plant. Having this information, one may 
draw some preliminary conclusions. F i rs t , the 2400-1000/1000 steam 
condition resul ts in the lowest capital cost in both sizes and is only 2% less 



efficient than the 3500 psig case . Second, the 1800, 2400, and 3500 psig 
steam cycles exhibit significant improvement in cost and thermal per
formance over a steam cycle representat ive of present water-cooled 
nuclear reac tors . Third, the selection of an I8OO-900/90O steam cycle 
for fast reactors does not appreciably penalize the electrici ty-generation 
part of the plant; the reduced tempera ture requirements in such a plant 
over a plant having a 2400-lOOO/lOOO cycle may alleviate cri t ical ma te r 
ials problems in certain reactor designs; or the 1800 psig cycle may 
allow greater temperature differences to be used in heat exchange equip
ment for a given reactor top tempera ture over the 2400-lOOO/lOOO or 
35OO-IOOO/1OOO steam cycle. 

Broadly, the scope of the cost est imate was to include all mate r i 
als, labor, and equipment costs from the inlet s team line to the turbine-
generator building through the high-voltage t ransformer . In addition, the 
indirect costs items were included (with specific exceptions) and the costs 
were reported under the Federal Power Commission system of accounts. 

The information prepared for the cost est imate and thermal 
efficiency is in sufficient detail to be of use in the evaluation of various 
sodium-cooled fast reactor concepts. The above work is part of an overall 
effort on fast power reactors . It is planned in the next phase of the work to 
examine the sodium-heated s team-generator plant in s imilar fashion. Plant 
layout and building arrangement will be consistent with the study of the 
turbine-generator plant. Matching steam conditions and flow ra tes will 
be employed. It is planned to examine the operation of once-through 
boilers to establish that satisfactory control of the overall plant can be 
achieved. Temperature profiles of secondary sodium and wate r - s team 
versus energy fraction transferred will be selected for optimization studies 
to ascertain boiler size and piping arrangement . All significant plant fea
tures will be incorporated in the study for cost analysis. 
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C. General Fas t Reactor Fuel Development 

1. Metallic Fuels 

Uranium-plutonium-base alloys are being investigated for use as 
fer t i le-f issi le fuel mater ia l s in fast breeder r eac to r s . Alloying additions 
appear necessa ry to improve the stability of these alloys in a fast r e 
actor environment and to improve the compatibility with jacketing mate r i a l s . 

a. Improved Uranium-Plutonium-base Fuels . U-Pu-Ti and the 
U-Pu-Zr alloys offer promise as fuel mater ia ls that will withstand higher 
burnup and/or higher operating tempera tures . The melting temperature 
was selected as a cr i ter ion for screening the alloys, since a higher melting 
temperature should lead to improved swelling res is tance . The greater 
range before melting should also permi t a higher operating tempera ture , 
and it should be a safety factor in the event of an excursion. 

As par t of a screening study two ser ies of alloys based on an 
atom ratio for uranium to plutonium of 4 to 1 were made with additions of 
the following elements: Sc, Ti, Y, Zr , Mo, Pd, and Th (either 30 a/o or 
10 a/o of one of these elements in each respective alloy). The solidus 
tempera tures were determined by heat-treating the alloys in vacuum, 
quenching them in NaK, and then examining them metallographically. 
Thermal-expansion coefficients of the as -cas t alloys were also determined, 
and metallographic studies were made. 

Only the 30 a/o Ti and 30 a/o Zr alloys had solidus tem
pera tures over 1100°C, so it is planned to concentrate further studies 
on these two alloy sys tems. 

2. Carbide Fuel Elements 

a. Interaction of U-Pu Mixed Carbides with Potential Refractory 
Metal Cladding 

For fast breeder reac tors solid-solution uranium-plutonium 
monocarbide fuels have the advantage over solid metallic fuels of being 
usable at higher tempera tures and over oxide fuels of having superior 
thermal conductivity. 

Interest in (U, Pu)C as a fast reactor fuel in the temperature 
range from 650 to 1100°C, in par t icular , has occasioned the initiation of 
a systematic study to determine the extent and mode of interaction with 
potential cladding mate r i a l s . A study of this interaction is necessary 
for two reasons ; (l) extensive interaction can make possible a rupture of 
the fuel element cladding, thereby allowing a re lease of fuel into the 
coolant, and (2) interactions that are less extensive but appreciable can 



adversely affect such pert inent proper t ies of the cladding as mechanical 
strength and thermal conductivity. The materials to be studied include 
iron- and nickel-base alloys and a number of refractory metals 

An evaluation of pertinent l i terature information associated 
with the compatibility of cladding mater ia l s with (U,Pu)C is in p rog res s . 
Preliminary annealings of four (U, Pu)C/cladding diffusion couples at 
800 and 1100°C indicate that the experimental techniques employed are 
sound. 

3. Development of Jacket Materials 

a. Vanadium Alloys. 

(i) Fabrication of V-Ti-base Ternary Alloys. A ser ies of 
V-Ti alloys with varying additions of Cr, Mo, Ta, and Nb have been p r e 
pared. Of the nine alloy compositions in the s e r i e s , six have been r e 
duced to 0.08-cm (0.031-in.) sheet by hot and cold rolling: 

V-15 w/o Ti-5 w/o Cr V-20 w/o Ti-2 w/o Mo 
V-15 w/o Ti-7.5 w/o Cr V-20 w/o Ti-2 w/o Nb 
V-20 w/o Ti-6 w/o Cr V-20 w/o Ti-2 w/o Ta 

Samples for tensile and corrosion testing are being cut from the rolled 
sheet stock. 

The alloys V-30 w/o Ti-5 w/o Cr and V-30 w/o Ti-
10 w/o Cr have been rolled to a thickness of 0.16 cm (0.062 in ) and will 
be further rolled to 0.08-cm (0.031-in.) sheet stock for test specimens. 

The other alloy, V-5 w/o Ti-15 w/o Cr, has been hot 
rolled, but attempts to cold roll this alloy have been unsuccessful. The 
material is now being heat-treated after which hot and cold rolling will 
again be attempted. 

^ , . / *"' P'^operties of V-20 w/o Ti Alloy. The heat content of the 
V-̂ U w/o Tl alloy was measured between about -80 and 1150°C. These 
data are needed to aid m reactor kinetics calculations. The change in 

^ O O o ' r T. ' w ' ' " " ""^ ' ° ° ° ^ *^^ 20.9 cal /g; that between 2 5 and 
1000 C, 126 cal/g. Mean values of specific heat were calculated over 

Sr^itheT 1 *? ^ ' °''^ ""<^ °-131 cal/g-°C, respectively. 
thTse sam f ' ^ ^ '° '" " ' "^" ' " "^ °' ' ' ' ' ^^'^ 0139 cal/g-"C for 
tliese same temperature intervals. 

ship between tangent!:! ( W p T s U e t ' l n d ' ^ '""T'^" ' ° ^^" '^ ^ '^ ^^^^*^°"-Z V"oop; s t ress and time to rupture for a biaxially 

R^^f " ' ' ' ; ? • ' M £ t a l ^ R e f i i ^ c e ^ ^ , 2nd E d T ^ Z ^ 
Butterworth, London (1955), p. 602. 
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s t r e s sed tubular geometry. Test specimens have an over-al l length of 
10.2 cm and a gauge length of 7.6 cm located between re-enforced col lars 
at each end. St ress is applied by an internal helium gas p r e s su re . 

A tube-burst specimen of seamless Type 304 stainless 
steel tested at 550°C under a tangential s t r ess of 23.2 kg-mm"^ ruptured 
in 324 hr . The total t rue radial strain at rupture was 12%, as determined 
by diameter measurements made at given time intervals . This value of 
true radial s t rain before rupture appears to represent the maximum strain 
sustained by the specimens of the type described for rupture t imes in 
excess of 25 hr . 

(iii) Corrosion. A ser ies of V-20 w/o Ti samples, shaped like 
the tensile specimens, lost 6.30 mg/cm^ while under load and exposed to 
flowing (0.15 cm/sec ) sodium for 168 hr at 650°C. Since plugging-meter 
analyses of the sodium before and after exposure of the loaded specimens 
indicate an oxygen concentration of probably less than 10 ppm, the high 
weight losses cannot therefore be attributed to the effect of a high oxygen 
content of the sodium. 

The present group of specimens show evidence of in ter-
granular attack. This is the f irs t time that such attack has been observed 
on exposure of V-20 w/o Ti alloy to low-oxygen sodium. 

The effect, if any, of the loading on the corrosion behavior 
is not known, since all the samples were under s t r e s s . The next group 
of samples will, therefore, include an unloaded control so that the effect 
of s t r e s s can be evaluated. 

V-20 w/o Ti samples exposed for 99 hr at 650°C in 
static sodium containing 50 ppm of oxygen, have lost 0.88 mg/cm^. This 
is in direct contrast with ear l ier experimental runs, in which the samples 
gained weight (see, for example. P rog res s Report for October 1964, 
ANL-6965, p. 9). 

The irreproducibil i ty of this behavior might be due to 
changes in environmental conditions and to differences in mater ia l s . 
Our experimental techniques must therefore be re-examined, and r e 
fined if necessary , so that reproducible environmental conditions will 
be assured . 

(iv) Corrosion of Other Vanadium Alloys in Oxygen-
contaminated Sodium. A nunaber of a rc -mel ted binary vanadium-alloy 
buttons were exposed to sodium for 4 to 6 days at 650''C. Weight losses 
after defilming (see P r o g r e s s Report for August 1964, ANL-6936, 
pp. 25-6) indicate that titanium, molybdenum, and chromium were the 
naost effective in preventing weight losses . However, the oxygen 



penetration was very deep in the molybdenum binary and moderately deep 
in the chromium binary. The titanium binaries (V-10 w/o Ti and V-
20 w/o Ti) had the smal les t oxygen penetration of all those tested, and 
the yttrium and the nickel binar ies also had relatively shallow oxygen 
penetration. All of the binar ies had less oxygen penetration than occurred 
for pure vanadium. 

More prec ise data than here reported require better 
homogeneity in the alloys and much better control of the oxygen access 
to the specimens. In this connection a diaphram pump is being modified 
for use in slowly recirculating the sodium in a test facility now under 
construction. 

4. Irradiation of Uranium-Plutonium-Fizzium Alloys 

Metallographic examinations are being conducted of highly irradiated 
U-20 w/o Pu-10 w/o Fz fuel pins jacketed in Nb-1 w/o Zr tubing (see 
Progress Reports for July 1964, ANL-6923, p. 25, and September 1964, 
ANL-6944, p. 27, for results of other post irradiat ion section). One set of 
specimens had been jacketed with tubing having a 0.23-mm wall thickness; 
the other had tube walls of 0.38-mm thickness 

Metallographic sectioning was in a t r ansverse plane and in selected 
areas that had representative jacket failure. The jacket was also ex
amined in areas that did not show superficial defects. 

All jacket material was character ized by incipient cracking that 
originated at the inner surface of the tubing. These cracks appeared at 
random places and propagated anywhere from 10 to 100% of the jacket 
wall thickness. Fractures in jacketing appeared to be of a brit t le nature. 

Jacketing that had been irradiated at maximum tempera tures of 
635°C showed a fuel-jacket reaction layer on the inner surface of the 
jacket tubing. The thickness of the layer varied from 0.03 to 0.18 mm 
and was directly related to the maximum temperatures of the jacket. 
In some mstances the fuel-jacket interaction made it difficult to de
termine a line of separation between both mater ia l s . 

5- Corrosion Inhibition in Sodium 

base 1,^ P'f^l'^-'y test of the corrosion behavior of available zirconium-
base alloys has been made m a calcium-gettered sodium environment at 

3 w/o N O " . " / f ' ' ' ° ^ ' ' ' ^''^'^"''^^ zirconium, of hot-rolled Z r -
3 V ° Ni-0.5 w/o Fe, and of as-cast Zr -1 w/o Cu-1 w/o Fe were wet-
ground, etched and exposed to sodium saturated with calcium for " i l 
days m a stainless steel autoclave at 650»C. After exposure, the 
samples were washed with water and examined. 
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Metallographic examination of sample cross sections showed a 
reaction layer a few microns thick on portions of the unalloyed zirconium 
and on quaternary samples, but no similar layer on the nickel-bearing 
mater ia l . Weight changes were gains of about 1 mg/cm^. Microhardness 
t r ave r ses inward from the metal surface of each sample (Knoop, 15-g 
load) indicated no point of hardness above 310 and no evidence of em-
brit t lement to within 5 fl of the surface, although the point scatter was 
appreciable. 

D. General Fas t Reactor Fuel Reprocessing Development 

1. Skull Reclamation Process 

A problem of flux foaming which had been encountered in several 
runs was eliminated in two recent runs by pret reatment of the flux 
(47.5 m/o CaClj, 47.5 m/o MgClz, and 5 m / o CaF2) with magnesium to 
remove any water present in the flux. The prevention of foaming by this 
pre t rea tment bears out the contention that foaming had been caused by the 
reaction of magnesium and residual water of hydration to produce hydro
gen. An additional precaution taken in these runs was to degas the mixed 
oxides at 800°C for 6 hr under vacuum prior to use. 

2. Materials and Equipment Evaluation 

The effect of the argon-5% nitrogen atmosphere of the Argon Cell 
of the EBR-II Fuel Cycle Facility on structural mater ia ls of the equipment 
is being investigated. Brunhouse^ reports that pure nitrogen reacts with 
Inconel 600 and Hastelloy X alloys at a temperature of 950°C. It is believed 
that a complex nitride phase forms, causing serious embritt lement of the 
alloy. Consequently, a program has been initiated to study the effect of 
argon-5% nitrogen on Inconel-600, Inconel-800, Hastelloy C, Hastelloy X, 
Type 304 stainless steel. Type 316 stainless steel, tungsten, and 
molybdenum-30% tungsten alloy. These materials may see service in the 
Argon Cell. 

Tests of the eight naaterials at 900°C for 450 hr have been com
pleted. Inconel and Hastelloy suffered a loss of ductility but were still 
usable. The 300 ser ies stainless s teels , which are used in the Argon 
Cell, were not significantly affected. 

These tests will continue until 2000-hr exposure has been obtained. 
It is doubtful that nitridation will present a serious problem in the EBR-II 
cell because of the limited use of high nickel alloys at temperatures above 
650°C. Should a problem develop, however, protection methods such as 
oxide scaling or diffusion-bonded coating of these alloys will be used. 

Brunhouse, J. S., Corrosion and Compatibility of Nickel-based Alloys 
with High-purity Nitrogen, paper presented at the 13th Annual AEC 
Corrosion Symposium, Argonne, Illinois, May 1964. 
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3. Advanced Processes 

a. Chloride Flux-Melt Refining of Uranium-Plutonium-Fiss ium 
Fuels . A halide slagging process is being studied (see P r o g r e s s Reports 
for March 1964, ANL-6880, p. 28,andMay, 1964, ANL-6904, p. 38) in wh ich ra re 
earth and other highly electropositive fission products are selectively 
oxidized and extracted from molten fuel alloy into an overlying molten 
salt phase. A high-density beryllia crucible has been used to contain the 
salt and metal phases. Potential advantages of this p rocess , as compared 
with the melt refining process to be used for recovery of the f i rs t EBR-II 
core, are higher product yields, a lower operating tempera ture , and a 
shorter processing time. Plant-scale application of this process is 
presently made difficult by the unavailability of suitable large beryll ia 
crucibles. The technology for fabricating large beryllia crucibles is 
currently under development by commercial suppliers . 

The separation of cerium (considered a typical r a r e ear th 
element) from plutonium is being investigated. In the most recent run, 
twice the amount of CaO theoretically required to react with the cer ium 
in the charge, assuming no reaction of cerium with impuri t ies , was 
added as oxidant to a 75 m/o BaCl2-25 m/o CaCl2 salt mixture . The 
metal charge was 81 w/o U-10 w/o Pu-9 w/o fissium to which was added 
about 0.7 w/o cerium. The weight ratio of flux to metal was 2:7. After 
liquation at 1150°C for 1 hr under argon in an isopressed, high-density, 
high-purity BeO crucible, the crucible contents were cooled to 860°C, 
which caused the alloy to solidify, and the flux was poured off. Subse
quently, the metal was melted by heating to 1300°C and was poured into 
a separate vessel . 

Analyses of samples of the two phases indicated very sa t i s 
factory separation of cerium from plutonium - removal of 92% of the 
cerium from the ingot with a transfer of only 0.004% of the plutonium to 
the flux, giving a separation factor, (Ce in flux/Ce in m e t a l ) / ( P u in f lux/ 
Pu m metal) of 7100. Cerium removal and plutonium retention were sa t i s 
factorily high. The amount of plutonium extracted into the salt was 
smaller than m previous runs (see P rogress Report for March 1964, 
ANL-6880, p. 28) in which a stoichiometric or an excess quantity of 
MgCl2 was used. 

^- Halide Slagging Studies. Plans are underway to investigate 
halide slagging as a method for the extraction of plutonium from blankets 
discharged from power breeder r eac to r s . The blanket mater ia l would be 
nielted, and the plutonium extracted into a flux consisting of calcium 
chloride and uranium trichloride oxidant. An attempt is being made to 
obtain reliable equilibrium constants for the reaction 

UCI3 + Pu ^ P u C l j + U. 
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Equilibrium constants will be determined at 1150-1250°C, using 0.2-
4.5 w/o plutonium. Apparatus for the equilibration studies has been 
completed and is being tested, and pure CaCl^ and UCI3 are being prepared . 

c- Ion Exchange in Fused Salts. An investigation of the feas i 
bility of separating ions in molten salts in ion exchange columns is in 
p rog re s s . Four runs have been made to measure the distribution of 
Ba+^ (spiked with "^Ba) between molten mixtures of KBr and AlBrj, 
and potass ium hexatitanate (Tipersul). The mole rat io of KBr to AlBrj 
in the salt solution was varied in order to determine the influence of 
varying polarity of the solvent on ion-exchange behavior. The salt solu
tions were approximately 0.01 M in Ba+^ (added as BaBrj). 

In runs at 140°C and 190°C with a mole ratio of KBr to AlBr, 
in the solvent of less than unity, Ba+^ was not removed from the salt solu
tion by potassium hexatitanate. In a run at 220°C with an equimolar 
KBr-AlBr3 solvent, however, the Ba^^ favored the hexatitanate; the d is 
tribution coefficient (specific activity of solid-specific activity of melt) 
was about 1700. When the r eve r se experiment was performed (the Ba+^ 
initially on the solid), a distribution coefficient of approximately 3600 
was obtained. These resul ts indicate that ion-exchange media might be 
used to remove certain fission products from recycled process sa l ts . 

4. Consolidation of Fiss ion Product Wastes in Alloys 

Extraction of r a r e earth fission products from molten chlorides 
by aluminum-magnesium alloy is being studied as a possible method of 
purifying salt for recycle to plutonium-rare earth separation steps and 
as a means of consolidating most of the fission products in a small 
volume of metal for s torage. Experiments have been performed in which 
distribution coefficients of lanthanum between 30 m / o NaCl-20 m / o KCl-
50 m / o MgClj and aluminum alloys containing 13, 20, or 30 w/o mag
nesium were determined in the tempera ture range from 550 to 900°C. 
The solubility of lanthanum in these alloys also was determined. The 
distribution coefficient values (concentration in sal t /concentrat ion in 
metal) fell between 3 x 10""̂  and 1 x 10"'; the values increased with rising 
t empera tu re . The solubility of lanthanum in the magnesium-aluminum 
alloys increased with tempera ture up to about 700°C and appeared to be 
come re t rograde above this t empera ture . The solubilities of r a r e ear ths 
in a luminum-magnesium alloys reached values of several percent . These 
solubility values, in conjunction with the favorable distribution coefficients, 
should pe rmi t the prepara t ion of a highly concentrated waste alloy. 

5. Decladding Studies for TV-20 Cladding 

Uranium-plutonium-fissium alloy clad with vanadium-20 w/o t i 
tanium alloy (TV-20) appears to be a promising fast reactor fuel mate r ia l . 
Several methods for the chemical separation of fuel alloy from TV-20 
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cladding are being investigated, one of them being the removal of TV-20 
cladding from metallic fuels by hydriding the fuel. A uranium-fiss ium 
alloy pin sealed in TV-20 tubing was exposed to hydrogen at 2 atm p re s su re 
for 3 hr at 250''C. The hydrogen apparently diffused through the cladding 
and hydrided the fuel, since the TV-20 split open. Fur ther hydriding then 
occurred. This procedure, followed by dehydriding, dissolution of the fuel 
in liquid metal, and filtration, maybe a promising method for separating the 
fuel from the cladding without prior chopping of clad fuel pins. 

6. Eddy Current Induction Probe 

The eddy current induction probe for liquid metal-level m e a s u r e 
ment has been calibrated with bismuth as the liquid metal. Values of 
signal output versus depth for bismuth were compared with those for 
cadmium at the same settings (i.e., 50-kc input frequency, 7-V input 
voltage, 35 mV of bucking voltage). The change of output signal with change 
of melt depth was less for bismuth than for cadmium, as was expected since 
bismuth has a higher electrical resistivity than cadmium. Development of 
this probe is nearly complete. The probe has been developed for use in 
Argonne pyrometallurgical processes, but can be applied to other remote 
measurement of liquid metal level. 

7. Removal of Nitrogen from Argon 

The removal of nitrogen from argon by gettermg the nitrogen on 
hot (~900°C) titanium sponge is under study because of a possible future 
need to remove nitrogen from the argon atmosphere in the Argon Cell 
of the EBR-II Fuel Cycle Facility. Two sets of experimental equipment 
have been constructed and operated: (i) equipment for a study of the 
kinetics of nitrogen removal from argon on hot titanium sponge (see 
Progress Report for July 1964, ANL-6923, p. 31) and (ii) a pilot plant 
for obtaming overall process performance data and information on com
ponent reliability (see Progress Report for April 1964, ANL-6885, p. 23). 

. t q n n o r ^ ' f / ? ' ' ' " ^ " " " ' ' ' ' "^ '̂̂  ^^^" ^"^" obtained on the rate of reaction 
at 900 C of titanium metal sponge with argon containing 5000, 1000 and 
300 ppm nitrogen. The circulation rate was such that only a very small 

oass t l" i T ' T r '""^ ' ' ' ' '^^""^ ''^"^'''^ *^^^ ^ " — - a single 
pass through the beds. The nitrogen concentration of the gas was returned 
to Its initial concentration before each pass . For the three gas mixtures 
the conversions after 50 hr were about 50, 45, and 37%, respectiveTy The 
reactions were rapid for 40 to 50 hr, and then decreased t o L w rates The 
data indicate that the reactions probably follow a modified paraboUc or ex^ 
ponent.al rate law, with the ultimate nitrogen content of the sponge de 
pendent upon the partial pressure of nitrogen in the gas phase 

. ran„ ^^^ ^'^"^ ^ 1 ^ " ^ """"^ Operated continuously for 57 5 hr at 900°C with 
p lot ol "t " " V """^ " ' ' " ^ ^ " circulating at 10 cfm. After this, The 
pilot plant was shutdown and the titanium bed sampled. Analytical resuUs 
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for the samples indicate a conversion of about 30% of the tianium to the 
mononitr ide, the assumed product of the reaction. 

E. Sodium Coolant Chemistry 

1. Cover-gas Impuri t ies 

Studies have continued of the reaction of various possible contaminant 
gases with liquid sodium, which is used as a coolant in nuclear r eac to r s . 
Experiments are underway to ascer ta in whether the reaction 2 Hj + C (in 
sodium) -• CH4 can be used to decarbonize sodium. The initial resul ts do 
not indicate a significant amount of methane produced when sodium is 
sparged with a He-1% H2 mixture at 300°C. 

2. Analysis for Oxygen 

A study of some of the factors affecting plugging-valve operation 
revealed that the method of providing driving force to the sodium in the 
plugging meter loop is important. Current experiments are directed 
toward: 

(i) the use of flow control valve in the main loop between the 
sodium inlet and exit of the plugging valve loop; 

(ii) the use of an electromagnetic pump with ac operation; 

(iii) the use of an electromagnetic pump with dc operation. 
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F. EBR-II 

1. Sticking of Control Rod and Oscillator Drive Mechanisms 

Early in the month, the bulk sodium temperature in the prinaary 
tank was lowered from 700 to 580°F and then to 375''F to permi t work on 
the control rod and oscillator components. After the pr imary system had 
been cooled to 375°F, the secondary sodium was dumped to the storage 
tank, and the secondary piping and steam systems were cooled to ambient 
temperature. 

When the primary tank had cooled to 580°F, the sticking No. 7 con
trol rod shaft (see Progress Report for October 1964, ANL-6965, pp. 19-21) 
was removed. Inspection showed that small steel balls, about l / 8 in. in di
ameter, had caused the binding in the reactor vessel cover (see Figures 5-8). 
Control drive shaft No. 9 was also removed, and a similar binding situation 
was found. The balls apparently came from one or both of the linear ball 
bushings that failed in the oscillator drive shaft. Presumably, the ball 
bearings were dislodged from the oscillator shaft and came to res t in the 
0.030-in. diametral clearance between the control rod drive shaft labyrinths 
and the Stellite sleeves in the reactor vessel cover. Chemical analysis of 
the balls showed they are carbon steel. Special ba l l - re t r iever tools were 
used during removal of the malfunctioning oscillator drive shaft assembly 
in an effort to catch the small steel balls that might otherwise drop on top 
of the subassemblies in the reactor grid. 
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Figure 5. Debris Taken from Labyrinth Area of No. 7 Control Rod Do wn Shaft 
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Figure 6 

Labyrinth Area of No. 7 Conuol Rod 
Drive Shaft Showing Scoring from 
Steel Balls. Shaft Diameter - 2.5 in. 

Figure 7 

Control Rod Drive Shaft 
Labyrinth No. 9 Show
ing Steel Balls 



When the o s c i l l a t o r d r ive m e c h a n i s m w a s d i s c o n n e c t e d f r o m the 
o s c i l l a t o r rod, the rod was s tuck in the o s c i l l a t o r t h i m b l e . T h i s wi l l c o m -

p l i c a t e r e m o v a l of the o s c i l l a t o r r od . 

2. M a i n t e n a n c e 

The m a i n fuel g r i p p e r j a w s 
w e r e a c t u a t e d in a t e s t and a p p e a r to 
w o r k s t a i s f a c t o r i l y . 

The plugging t e m p e r a t u r e of the 
s e c o n d a r y s o d i u m was m a i n t a i n e d b e 
tween 250°F and 300°F by i n t e r m i t t e n t 
use of the cold t r a p . When the s y s t e m 
was dumped on N o v e m b e r 20, the p l u g 
ging t e m p e r a t u r e was 260°F. The e n t i r e 
s y s t e m was cooled to a m b i e n t t e m p e r a 
tu re with the excep t ion of the s t o r a g e 
tank which was m a i n t a i n e d a t 350 F . 
During the month , the c o m p o s i t i o n of 
the b lanke t gas r e m a i n e d p r a c t i c a l l y 
cons tan t at 10 p p m h y d r o g e n and 
800 p p m n i t rogen . 

The compos i t i on of the p r i m a r y 
s y s t e m cover gas r e m a i n e d f a i r ly con
s tant at l e s s than 10 p p m h y d r o g e n and 
1,3% n i t rogen . 

Figure 8. Control Rod Drive Shaft No. 9 Showing 
Scored Area Just above Labyrinth Because of d i f f icul t ies c a u s e d 

by leaks in the v a c u u m s y s t e m for the 
su rge tank on the p r i m a r y pur i f i ca t ion s y s t e m , the l a t t e r was shut down 
during this month. The l eak was t r a c e d to the sea t of the syphon b r e a k 
valve in the vacuum sys t em, and a new valve h a s been o r d e r e d . 

The D o w t h e r m - w a t e r hea t exchanger for the s e c o n d a r y p u r i f i c a t i o n 
s y s t e m was d i s a s s e m b l e d to c lean the wa te r s ide . Some si l t and o the r 
d e b r i s were found. It was r e i n s t a l l e d with flanged jo in t s so tha t fu ture 
c leaning will be s implif ied. 

Faul ty p e r f o r m a n c e of the l a r g e , au toma t i c s t e a m b y p a s s va lve , 
which tended to open fully af ter the s t e m pos i t ion r e a c h e d ha l f -open and 
s eemed to s t i ck in the fully open posi t ion, h a s been c o r r e c t e d . A swi t ch 
was ins ta l l ed on the s t e a m graph ic pane l to p e r m i t o p e r a t o r s to c l o s e the 
1,250-psig s t e a m bypass block valve be tween the h e a d e r s and the m a i n 
condense r . This enab les an o p e r a t o r to stop the b y p a s s s t e a m flow in c a s e 
of bypas s valve malfunction or bel lows fa i lu re without leaving the c o n t r o l 
room. 
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Stellite t r im for the small bypass steam valve was received and in
stalled upon the manufacturer ' s recommendation. This valve had performed 
unsatisfactorily during the power demonstration run. 

A remote operator was installed to permit operation of the main 
s team line block valve from the operating deck level of the Sodium Boiler 
Plant. 

3. Fuel Cycle Facility 

a. Argon Cell. An argon-atmosphere enclosure system is being 
installed in the Chemical Engineering Division at Argonne, Illinois, in order 
to test the effect of a dry argon environment on the operation of equipment 
to be used in the EBR-II Argon Cell (see P rog re s s Report for July 1964, 
ANL-6923, p. 35). One glovebox and an argon-purification system, s imilar 
to that in the EBR-II Argon Cell, were previously installed and placed in 
operation. Construction of a large inert atmosphere enclosure, 24 ft long 
by 12 ft wide by 14 ft high, which will be a par t of the enclosure system is 
nearing completion. It will be equipped with glove por ts and a large roof 
hatch (12 ft long by 7-̂  ft wide) for handling large pieces of equipment. A 
cooling system has been provided for controlling the temperature within 
the enclosure . All windows have been installed. The major portion of the 
service piping and e lec t r ica l work has been completed. After the instal la
tion of supporting equipment is completed, leak-testing of the enclosure 
will be performed. Following the leak tests and repair of any leaks, in
stallation will s tar t of plant-scale prototype equipment for demonstrating 
the skull reclamation and blanket p rocesses . Initially, the inert a tmos
phere enclosure will be used for the testing of a prototype (M-2) skull oxide 
reclamation furnace whose fabrication is underway (see ANL-6923, p. 35). 
Fabricat ion of a panel board for control of the M-2 furnace is in p rog res s . 

As par t of the routine maintenance program, one of the Argon 
Cell e lectromechanical manipulator ca r r i ages , which had been in service 
in the contaminated cell for two months, was removed for inspection and 
exchanged for an Air Cell ca r r iage . Although the gamma-activi ty level 
was only a few m r / h r , surface contamination grea ter than 10 dis /(min) 
(dm^) was found. This was readily reduced by a factor of several hundred 
by vacuuming and wiping with damp cloths. Hoist cables and asbes tos -
insulated wiring were not readily decontaminated. The hoist drive unit was 
removed for clutch modification and replaced, and the exchange of ca r r i ages 
was completed. 

b. Fuel Recovery and Fabrication. Sampling of the Fibrefrax 
fume t rap fromi the first melt refining of i r radia ted fuel indicated that a 
major fraction of the l " ' content of the charge was retained by the trap. 
Analysis of a sample of oxidized skull remaining after this melt refining 
operation showed no part i t ion of molybdenum during oxidation, and pick
up of about 3 g of zirconia from the crucible. 



Work has continued on the reclamation of approximately 
2,500 fuel elements obtained by destruction of special assembl ies that had 
been prepared for dry and wet cr i t ical operations. Of the more than 
2,000 elements of demonstrated acceptability (by rebonding and bond testing) 
and the 350 elements remotely fabricated, 1,673 have been made into r e 
actor assemblies (12 control, 2 safety, and 9 core-type). 

The straightness-checking part of the final test machine has 
required some adjustment. The assembly machine, with which some early 
difficulty had been encountered in welding, now produces good welds reliably. 

c. Fuel Surveillance. Avessel to be used for removal of sodium 
from decanned fuel elements segregated for measurement is being installed 
in the Air Cell, A prototype unit to be used for determination of gas p r e s 
sure and for sampling the gas in these fuel elements has been fabricated 
and is being tested. 

The jacketed, metallic fuel pins in the capsules that were in
spected are enclosed in a vanadium-barrier thimble and bonded to this 
bar r ie r with sodium; the bar r ie r thimble is in turn sodium bonded to the 
outer jacket of stainless steel tubing. Thus a double annulus of sodium is 
formed, divided by the vanadium-barrier thimble. The quality of the bond 
is important in both annuli. 

A little success was obtained in inspection of the inner annulus 
by means of an ultrasonic method. The ba r r i e r was cut from rolled mate
rial, formed into a cylinder, and spot welded along the overlapping edges. 
This line of alternately welded and un'welded areas in addition to the re la
tively rough shape of the thin material forming the b a r r i e r thimble caused 
so much interference and scatter to the ultrasonic beam that it was not 
possible to clearly distinguish echoes from voids in the inner annulus. 

It is possible to detect nonbonds by radiography, if careful 
masking to prevent undercutting and contrast enhancement by reprinting 
are employed. If either the fuel pin or thimble is slightly off center, 
either annulus may become too narrow for the nonbonds to be visible. 
Unfortunately, it is often the narrow annuli that are the most difficult to 
bond satisfactorily. Nevertheless, radiography provides the only method 
available to inspect any part of the inner annulus of these capsules, and 
it is being used to inspect those areas of the inner annulus that are visible 
on the radiographs. 

The outer sodium annulus can be inspected by eddy-current 
methods. A test facility has been constructed to test these capsules and 
those which will follow. Since even the most careful quenching procedure 
will not always eliminate all shrinkage voids, this facility is designed to 
test the capsules at a temperature high enough to melt the sodium. A 
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double-pulse eddy-current test system is used to search for nonbonds at 
60° intervals around the circumference and along the entire length. With 
this equipment it is possible to insure that the capsules have at least the 
bond quality in the outer annulus possessed by the sodium bond in the 
EBR-II blanket rods themselves . 

The bonds on the first 19 capsules are now being evaluated. 

d. Skull Reclamation P r o c e s s . The retorting step of the skull 
reclamation p rocess is being demonstrated in engineering-scale runs 
(see P r o g r e s s Report for September 1964, ANL-6944, p. 43). The dem
onstrat ions a re being conducted in a modified melt refining furnace which 
is installed in the argon-atmosphere glovebox described in Section 3a. In 
the retorting step, magnesium-zinc is distilled from the mater ia l resulting 
from the uranium dissolution step, after which the residual uranium is 
melted. Two additional retorting runs have been completed; a BeO crucible 
was used for the recovery of uranium from two charges (~6 kg each) having 
a nominal composition of Zn-12 w/o Mg-10 w/o U. (The BeO crucible used 
in these runs had been previously used in three ear l ie r runs.) The Zn-Mg 
was distil led from the uranium at a low p res su re (30 to 40 Tor r ) and the 
residual uranium melted at a final crucible temperature of 1250°C. In the 
two runs, 99.5% of the volatilized Mg-Zn vapor was collected in a graphite 
distillate collector and the remaining l /2% was found on the Fiberfrax 
insulators . 
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G. F A R E T 

1. E n g i n e e r i n g 

The p r i n c i p a l a c t i v i t i e s for the c u r r e n t r e p o r t i n g p e r i o d con t inued 
to be c o n c e r n e d with Ti t le II e n g i n e e r i n g a t the L a b o r a t o r y and a t the 
A r c h i t e c t - E n g i n e e r off ices . B a s e d on c u r r e n t e s t i m a t e s , s u b m i t t a l of the 
final des ign package . P a c k a g e IX, i s e x p e c t e d by the m i d d l e of J a n u a r y , 
r a t h e r than D e c e m b e r 1, as p r e v i o u s l y s chedu led . S u b s e q u e n t w o r k on 
P a c k a g e IX and c e r t a i n s p e c i a l des ign p r o b l e m s should r e s u l t in c o m 
ple t ion of Ti t le II by the end of M a r c h , 

The s t a tu s of the r e s t of the d e s i g n p a c k a g e s of the T i t l e II d e s i g n 

is as follows: 

P a c k a g e I - Site P r e p a r a t i o n - c o m p l e t e . 

P a c k a g e II - R e a c t o r V e s s e l - c o m p l e t e . The p r o c u r e m e n t package 
has been compi l ed and d e l i v e r e d to p r o s p e c t i v e b i d d e r s . P r o p o s a l s have 
been r e q u e s t e d by N o v e m b e r 30, 1964. 

P a c k a g e III - Liquid Meta l Hea t E x c h a n g e r s - The dra f t h a s been r e 
t u rned to the A r c h i t e c t with L a b o r a t o r y c o m m e n t s . 

P a c k a g e IV - Liquid Meta l P u m p s - The dra f t h a s b e e n r e t u r n e d to 
the A r c h i t e c t with L a b o r a t o r y c o m m e n t s . 

P a c k a g e V - Con t ro l and I n s t r u m e n t a t i o n - The d ra f t i s be ing r e 
viewed at the L a b o r a t o r y . 

P a c k a g e VI - Spec ia l Piping M a t e r i a l s and V a l v e s - L a b o r a t o r y ' s 
r e v i e w of the draf t is comple t ed and r e a d y for t r a n s m i t t a l b a c k to the 
A r c h i t e c t . 

P a c k a g e VII - Spec ia l E a r l y P r o c u r e m e n t I t e m s - The d ra f t i s 
being r ev iewed by the L a b o r a t o r y . 

P a c k a g e VIII - Specia l ty S tee l - This package h a s b e e n d e l e t e d . 
Some of the ma jo r a r e a s of work r e c e i v i n g the m o s t a t t e n t i o n a r e the 
following: 

1. The s t r u c t u r e and sh ie ld ing in the cav i ty and in the i m m e d i a t e 
v ic in i ty e x t e r i o r to the r e a c t o r v e s s e l . Th i s i n c l u d e s the n e u t r o n sh ie ld , 
r a d i a l ene rgy a b s o r b e r , s h i e l d - c o o l i n g s y s t e m , and i n s t r u m e n t a t i o n 
th imble a r r a n g e m e n t . 
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2. The cell liner and s tructural design, part icularly with regard 
to miss i le energy considerations, containment, and leak testing. 

3. The fuel-transfer system in the south end of the cell, com
prised of the fuel-transfer port and cover, and all equipment connected 
with the fuel-transfer tunnel. 

4. Cell, cavity, and vault liner with penetration details. 

Plans for the procurement of the sodium heat exchangers and pumps 
for FARET have been revised. These major components involving pro
curement costs of approximately $1,000,000 were originally scheduled to 
be purchased by the Laboratory. However, certain advantages inherent to 
their procurement by United Engineers and Constructors, Inc., have been 
recognized. The major advantage of this revised arrangement will be to 
allow more effective coordination of these procurements with Package V -
Instrumentation. Major instrumentation is involved in Packages III -
Heat Exchangers, IV - Pumps, and V - Instrumentation. Single procure
ment by UE&C will permit better coordination. 

2. Cell Components 

a. Cell Shielding Windows. The test fixture for the shielding 
window glass has been finished and shipped to Building 308 where the 
hydrostatic test will be conducted. The four glass slabs (29 in. x 44 in. x 
8-j in.) to be used in the test program are already on hand. 

Technical specifications for the shielding-window bid package 
are being written. 

3. Core Instrumentation 

a. Flowmeters . Three types of instruments are currently being 
considered to measure the coolant flow rates through the FARET fuel 
assemblies (see P rogress Report for June 1964, ANL-6912, p. 54): 

(i) Turbine-type Flowmeter. The turbine flowmeter (see 
Figure 9a) is designed to be completely contained within a FARET fuel 
assembly. The meter is installed between the inlet nose piece and bottom 
reflector section. 

A typical turbine-type flowmeter consists of the body, a 
turbine with a small four-pole magnet cast into it, and a coil mounted on 
the body adjacent to the turbine. When the liquid flows through the meter 
body, the turbine rotates at a speed determined by the speed of the fluid 
passing the rotor blade and the blade angle. As the magnets rotate, an 
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ac voltage is induced in the coil. The frequency of this voltage is equal to 
twice the speed of the turbine. This ac voltage can be converted to a direct 
current proportional to input frequency and hence speed. 

STAINLESS STEEL 
WIRES 

WGNETS 

Figure 9. la-core Flowmeters 

The body and a l l o ther p a r t s exposed to the s o d i u m with 
the except ion of the bea r ings a r e c o n s t r u c t e d of 304 s t a i n l e s s s t e e l . The 
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guide bearing journals will be made of molybdenum and the turbine shafts 
of Hastelloy C, mater ia ls selected on the basis of performance in high-
tempera ture sodium. 3 Alnico VB magnets were selected because they 
retain approximately 80% of their magnetization at 650°C.'^ A special 
miniature h igh- tempera ture coil has also been designed. The coil a s 
sembly is only 0.25 in. high by 0.5 in. in diameter . 

A turbine flowmeter is currently being modified for sodium 
service . The existing bearings and shafts are being changed to the above 
mate r i a l s . The coil is also being fabricated. The turbine flowmeter will 
then be tested in a sodium loop. 

The use of the turbine flowmeter to measure coolant flow 
ra tes will depend upon the acceptable performance of the bearings, the 
coil, and the magnets operating in sodium at the FARET design tempera
ture of 650°C. 

(ii) Electromagnet ic (EM) Flowmeter. The EM flowmeter (see 
Figure 9b) is also designed to be completely contained within the FARET fuel 
assembly. Since the external dimensions are identical with those of the 
turbine-type flowmeter, the two are interchangeable; either can be used to 
measure the coolant flow rate without the need for fuel assembly redesign. 

The EM flowmeter consists of the body, magnets, pole 
pieces, and e lect rodes . The body is made of 304 stainless steel and the 
magnets of Alnico VB alloy. The pole pieces are tentatively selected as 
soft iron, and the electrodes are stainless steel wire to reduce extraneous 
emfs which can be generated by diss imilar metals . For the configuration 
shown, a magnetic flux of about 42 G was calculated. With this flux an 
output voltage of about 0.6 mV/f t / sec will result . A prototype flowmeter 
is now being fabricated and will be tested in a sodium loop. Other con
figurations a re being investigated to improve the meter sensitivity. 

The stability of the magnets in the high- temperature 
nuclear radiation environment of FARET will determine the suitability 
of the EM flowmeter to measure the coolant flow ra tes . 

(iii) Thermal Flowmeter. A so-called " thermal" flowmeter 
(see Figure 9c) has been designed. This flowmeter will be placed in the 
outlet piece of the fuel assembly. A small amount of sodium is passed 
through the cylindrical hole in the center of the meter and the sodium 
tempera ture is increased by the power supplied to the heater element. 

•^Sarnecki, S. E., Mater ia ls for Mechanisms Operating in 1200°C 
Sodium, NAA-SR-Memo-9340 (Dec 1963). 

^Underbill, E. M., Permanent Magnet Handbook, Crucible Steel 
Company, Pit tsburgh, Pa. (1957), pp. 1-5. 
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Two thermocouples are used to measure the temperature r i se . At a con
stant heater power, the temperature r i se is a function of the sodium flow 
rate. The flowmeter will be manufactured by an outside vendor. 

The present design calls for a heater power of about 
150 W. Chromel/alumel thermocouples will be used to measure the tem
perature r ise. A layer of thernaal insulation is placed around the heater 
element to decrease the heat loss to the surrounding sodium. 

The exact position of the sensor in the flow s t ream and the 
dimensional variations during manufacture will influence the flow-temperature 
characteristic. An initial calibration will be performed in a water loop to 
determine whether the flowmeter sensitivity will be sufficient for use in 
the FARET fuel assembly. If acceptable, the flowmeter will receive a final 
performance test and calibration in a sodium system. 

b. Electrical Connectors. Screening tests at room temperatures 
and in an air atmosphere to evaluate the probable performance of various 
commercial all-metal seals are about to be completed. 

Preparations have been made to extend the work on a selected 
number of the pre-tested models under environmental conditions of sodium 
and temperature. For this purpose a compact test rig for testing the in
strumented fuel-assenably connector has been completed (see Figure 10). 
It provides vertical motion necessary to engage the connector plug (see 
Progress Report for September 1964, ANL-6944, p. 47) firmly to the fuel 
element. Levers, operating through a pair of bellows, on two extensions 
attached to the locking sleeve, furnish the rotary motion which provides 
the necessary clamping or sealing force and locks the connector body to 
the fuel element. The rig will permit testing the integrity of a seal at 
temperatures in either an argon or liquid sodium environment. It will also 
permit breaking and remaking the seal to check its resealing charac te r 
istics without opening or removing any of the components from the test 
pot. The testing program is expected to cover the evaluation of at least 
two different connector designs and possibly three or four different seal
ing elements. 

4. Fuel Slip-fit Experiment 

The FARET Slip-fit Experiment is a fuel i r radiat ion test experi
ment being performed in CP-5. The experiment consists of a p re s su re 
tube immerced in the CP-5 D2O. Inside the p ressu re tube is a heat-
transducer and a fuel capsule (see Figure 11). 

The heat transducer consists of five thermocouples divided into 
two pairs and a single thermocouple. One pair is located at the bottom 
plane of the fuel and the second pair 2 in. below the first. The single 
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4 i n . D I A . HAHDHHEEL 

PACKING GLAHD 

HANDLE BELLOWS 

CENTER BELLOWS 

ELECTRICAL WIRES 

LOCKING SLEEVE WITH EXTENSIONS 

WIRES TO TEST-CONNECTOR 

2 STABILIZERS FOR CENTER BELLOWS 

ASBESTOS-SRAPHITE PACKING 

F ILL ING TUBE 

2 LEVEL INDICATORS 

COVER PLATE 

HOLD DOWN TUBE 

CONNECTOR EXTENSION 

OBLE N " LEVEL 

Figure 10. Connector Test Assembly 
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PRESSURE VESSEL • 

FUEL CAPSULE-

-THERMOCOUPLES 

SECTION *'A 

FUEL THERMOCOUPLE-

PRESSURE TUDE 

FINS 

Figure 11. FARET Fuel Test Thimble 

the rmocouple is 4 in. below the bo t tom of the fuel. The t h e r m o c o u p l e s a r e 
a t tached to one or another of t h r e e equal ly s p a c e d r a d i a l f ins , which a l s o 
s e r v e to locate the fuel capsu le c e n t r a l l y within the p r e s s u r e v e s s e l a t the 
cen te r of the fin a r r a y . The p r e s s u r e v e s s e l i s f i l led with D2O to a he igh t 
co r re spond ing to the r e a c t o r wate r leve l ; hence , the fuel c a p s u l e and 
the rmocoup les a r e below the wa te r l eve l . 

The fuel capsu le conta ins twelve 3% e n r i c h e d oxide fuel p e l l e t s 
of plutonium or u r a n i u m . The pe l l e t s have a l / 2 - i n . l ength and l / 2 - i n . 
d i a m e t e r . A 0.070-in. hole is p rov ided in the c e n t e r to a l low for a 
t he rmocoup le . The OD of the fuel is d i m e n s i o n e d to have a s l ip - f i t with 
the capsule wall (hence, the name for the e x p e r i m e n t ) . A dep l e t ed pe l l e t 
of UO2 is at the top and bot tom of the fuel s t ack to p rov ide a h e a t t r a n s f e r 
buffer to p ro t ec t e spec ia l ly the bo t tom end of the m e t a l c a p s u l e . The 
the rmocouple t e rmina t ing at the midp lane of the fuel m e a s u r e s the c e n t r a l 
fuel t e m p e r a t u r e . 
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A thermocouple measures the experimental D2O temperature at the 
fuel midplane. Also located at this level are two thermocouples imbedded 
in the capsule wall for wal l - temperature data. 

The experiment is designed to determine the temperature drop 
through the fuel, and the influences of irradiations and other effects on the 
thermal conductivity of the fuel. The enrichment of plutonium or U ^ in the 
UO2 pellet is such that a heat flux of 300 W/cm is obtained, which corresponds 
to the expected flux in the test zone of the zoned FARET core. 

The heat output from the fuel is measured by the heat tranducer which 
has been calibrated by using a heater in place of the fuel. The heater is cap
able of producing 300 W/cm and very closely simulates the physical di
mensions of the fuel capsule. The two thermocouple pairs at the bottom and 
2 in. below the bottom of the fuel are hooked in parallel . These thermo
couples a re , in turn, hooked in ser ies with the bottom thermocouple, which 
is 4 in. below the bottom of the fuel. The D2O temperature in the downward 
direction in the p ressu re tube decreases with distance away from the fuel. 
The voltage output of the thermocouple arrangement is a function of the heat 
flux from the fuel capsule. 

Before the equipment was put into CP-5, a mockup was made. The 
pressure tube was immersed in a water bath held at reactor temperature. 
The pressure tube was filled with water and the heat transducer and heater 
inserted. It was found that the heat output could be predicted to within 
+ 1.5 w / c m up to 300 w / c m . 

The experimental equipment with the heater has been installed in 
CP-5 . The heat transducer is to be calibrated in the operating reactor . As 
soon as the calibration is complete, a capsule containing 3% enriched UO2 
fuel will replace the heater . UO2 is used first to gain operating experience 
and data before using PUO2. 

5. Fuel Assembly Sodium Flow Test Loop 

The rework on the dump and expansion tanks has been completed by 
the manufacturer, and the tanks have been installed in the loop. The heaters 
are now being assembled to both units. 

The p ressu re vessel is now in process of final welding and radio
graphing at the manufacturer, and will be delivered about November 30. 

The installation of thermal insulation on the vessels and piping has 
been delayed because of a delay in delivery of anchor pins for support of 
the insulation. 

The interim pump case is in final stages of rework. 



42 

III. GENERAL REACTOR TECHNOLOGY 

A. Applied Nuclear Physics 

1. Elastic Scattering of Fast Neutrons 

Time-of-flight techniques have been employed to study fast-neutron 
scattering from Al, Be, Na, Re, As, Te, and Mn. The incident neutron 
energies ranged from 0.5 to 1.2 MeV with resolutions of about 20 keV. The 
results are being processed and added to those previously determined for 
these and a number of other elements. A general tabulation of the elastic 
scattering cross sections measured in this group has been issued as an 
EANDC document US-62. The same information is available in a computer 
compatible format for direct incorporation in reactor calculations. 

A representative set of results for U, Ta, Zr, and Fe are compared 
in Figure 12 with those (YOM) given in a familiar reference. 5 Here 
jl = cos 9 is given as a function of neutron energy. The results for urani
um and tantalum are in reasonable agreement with the reference values. 
The experimental points for zirconium indicate some energy-dependent 
structure. This effect is grossly more pronounced in the case of iron. 
This is evident not only from Figure 12 but also from Figure 13, which 
gives the measured energy-dependent differential elastic scattering cross 
section of iron measured with a resolution of about 20 keV. As the exper
imental resolution is improved to about 1 keV, the resonance behavior 
becomes even more prominent, as indicated by the measured total neutron 
cross section of iron shown in Figure 14. 
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Figure 12. A Comparison of Measured Values oi Ji - cos e for 
U, Ta, Zr, and Fe with those of YOM 

New Yo'k ^ M s T V o f r ' ' ^ ° " " " " ' '• "•• "'''' "'="'='" '"°'' Sections," (Pergamon Press, 
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Figure 14. Total Neutron Cross Section of Iron (resolution of -̂ 1 keV) 
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In some i n s t a n c e s , the r e s o n a n c e s t r u c t u r e of the l i g h t e r n u c l e i 
can be i n t e r p r e t e d in de ta i l . An e x a m p l e is the a n a l y s i s of the t o t a l c r o s s 
sec t ion of m a g n e s i u m , shown in F i g u r e 15. H o w e v e r , t h i s is often not 
p r a c t i c a b l e , and it is a lways i m p o r t a n t that p r o p e r c o g n i z a n c e be t a k e n 
of r e s o n a n c e effects in the d e r i v a t i o n of g r o u p c r o s s s e c t i o n s f r o m the 
m i c r o s c o p i c data . 

Figure 15 

Total Neutron Cross Section of Magnesium Showing 
Fit to Resonance. Parameters are indicated. 

0,78 075 0,70 065 

En, MeV 

2. Gamma Rays Emitted Following Inelastic Scattering 

The method employed in experimental studies of the (n,n'7) process 
in Nb, Zr, Ho, Re, and Fe has been described in previous repor ts . A 
special shield collimator assembly has been installed in the apparatus. A 
detector consisting of a 3 x 3-in. Nal crystal surrounded by an anticoinci
dence annulus has been placed in the shield and tested. Measurements 
now underway with this improved apparatus are yielding resul ts charac
terized by good resolution, suppressed background, and enhanced relative 
photopeak yields. These results extend the inelastic scattering measure
ments made by direct observation of the scattered neutron to essentially 
the reaction threshold, a region particularly important in the theoretical 
interpretation of the inelastic-scattering process . 

3. (d,n) Stripping Reactions 

Time-of-flight techniques have been employed at the ANL tandem 
Van de Graaff to study the reactions Si^^(d,n)P^'', Mg^*(d,n)Al", Al"(d,n)Si^*, 
and K'''(d,n)Ca^'' at deuteron energies of about 7.0 MeV. Of part icular 
interest are nuclei with d-shell configurations and processes with an i 
change of 2 and possible total angular momenta of J = 5/2 or 3/2. In these 
cases, the (d,n) process would be expected to show a J dependence at r e 
action angles in the forward hemisphere similar to that recently demon
strated for the (d,p) reaction.6 

°Lee, L., and Schiffer, J., Phys. Rev. 136, BIO (1964). 
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Measurements completed and now being processed do indicate such 
a J dependence in the (d,n) reaction where A,? = 2. A case in point is the 
neutron groups resulting from proton capture-to the 1.38- and 1,93-MeV 
states in P^'. It is hoped that further measurements will define this effect 
in (d,n) p roces ses , thereby providing the nuclear spectroscopist with an 
improved technique for the study of nuclear s t ructure . 

4. Instrumentation 

For nearly two years an on-line computer system has been opera
tional in the Van de Graaff acce lera tor laboratory. It has been employed 
in data acquisition, on-line data processing, and feedback accelera tor -
control functions. The benefits have been such as to fully warrent expan
sion of the technique and the system. To this end, the following actions 
have been taken; 

a) A magnetic drum storage unit has been received. Necessary 
interface c i rcui t ry is now under construction including provisions for live 
display of data and analytical functions. 

b) Additional equipment has been ordered sufficient to increase 
the fast storage capacity to 24K (from 8K) words. 

c) An order for a second computer has been placed. With this 
unit the "sys tem" will consist of two computers coupled to each other 
through a common memory unit. Laboratory operation, including that of 
the acce le ra tor , will be under executive control of one computer unit. The 
second will function as a satellite carrying out all data acquisition and 
processing. 

The applied p rogram of this group is well suited to these automated 
procedures since operations a re repetit ive enough to warrant automation, 
yet varied enough to utilize fully the stored p rogram capabilit ies of the com
puter. These are the fundamental reasons for the success of the on-line 
computer in this activity. They are not necessar i ly charac ter i s t ic of other 
r e sea rch act ivi t ies . 

B. Theoret ical Reactor Physics 

1. Resonance Interference 

A formulation to determine the resonance absorption of neutrons in 
a rod in an infinite, regular lattice has been derived and is being used to 
construct a computer p rogram. The formulation, involving a narrow r e s 
onance approximation in the moderator , is capable of treating absorption 
by wide resonances and by closely spaced fissile nuclides more accurately 
than do methods current ly in use that a re based on the use of a flat-flux 
approximation. 
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The method divides an energy range of interest into many narrow 
intervals, or groups, of equal lethargy widths. The width of a group is 
much less than the maximum lethargy gain per collision with uranium; 
therefore, a neutron will be scattered to a group of lower energy after each 
scattering collision. From the spatial distribution of the neutron source 
for a group and from the cross sections of the mater ia l s in the rod and 
the moderator, the absorption in the rod and the flux distribution in the 
rod and the moderator are obtained in the form of a polynomial in t e rms 
of radius. The source distribution for a given group is obtained from the 
flux distribution and scattering cross sections in those groups from which 
neutrons can be scattered into the given group. 

2. Calculation of Cross Sections 

Cross section set No. 224, a 26-group set intended for use in 
investigating fast- thermal systems, is being extended to regions of lower 
energy. Until recently, the cross sections of the mater ia l s in set No. 224 
were evaluated only for the first 22 groups (down to neutron energies of 
29 eV). 

MC^ and ELMOE codes were used to calculate values for these 
22 groups. The cross sections for the thermal or 26th group ( a 0.683 eV) 
were obtained from the TEMPEST code. The values for groups 23, 24, and 
25 are being calculated by the GAM I code. Some modera tors , H, D, and 
Be, were included in set No. 224; values of the moderator c ross sections 
were calculated for all groups by means of the GAM I and TEMPEST codes. 

The GAM code has been used to calculate the cross sections for 
groups 23 through 25, for all mater ia ls in set No. 224, and for all c ross 
sections above thermal for the moderators . The feasibility of using GAM 
to produce all cross sections above thermal for all mate r ia l s was investi
gated. (Calculation with the GAM code uses less machine t ime, which is 
an advantage.) The feasibility of use of GAM for calculating all c ross 
sections depends upon its accuracy in predicting the elastic scattering and 
transport cross sections. The cross sections for sodium obtained by use 
of both the GAM and ELMOE codes were compared. The agreement be
tween the values for the two codes was good except in the 2-keV resonance 
region. The use of the GAM code for this application is continuing. 

3. Analysis of Fuel Requirements for Ceramic-fueled Breeder Reactors 

Several existing conceptual designs for large fast breeder reac tors 
were analyzed from the standpoint of conserving fissionable mater ia l . The 
amount of plutonium which would have to be supplied from other sources to 
enable a breeding system of the given type to meet a postulated, rapidly 
growing demand for power was computed. Since the system eventually be
comes self-supporting with respect to plutonium, the outside supply required 
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to r e a c h e q u i l i b r i u m i s f in i te . T a b l e XIV l i s t s the r e s u l t s of such c a l c u l a 
t i ons for four r e c e n t d e s i g n s of c e r a m i c - f u e l e d b r e e d e r s , e a c h p r o d u c i n g 
1000 MWe, t o g e t h e r wi th f u e l - c y c l e c o s t s e s t i m a t e d by the d e s i g n e r s us ing 
the c u r r e n t A E C u s e c h a r g e of 4- |%. 

• 4 

T a b l e XIV. C o m p a r i s o n of a B r e e d e r Des ign wi th 
R e s p e c t to F u e l R e q u i r e m e n t s 

F u e l Fo rnn 

0.43 

6.3 

275 

1.73 

0.42 

11.2 

400 

4 .48 

0.57 

12.2 

240 

2.92 

0.70 

17.3 

245 

4.24 

No. 1 No. 2 No. 3 No. 4 
I tem C a r b i d e C a r b i d e Oxide Oxide 

R e q u i r e d o u t s i d e supply , 
m e t r i c t ons p l u t o n i u m 146 1710 1270 2900 

F u e l - c y c l e c o s t , 
m i l l s / k W h 

Doubling t i m e , y r 

S u r p l u s p l u t o n i u m , k g / y r 

Inven to ry , k g / M W e 

The two c a r b i d e - f u e l e d d e s i g n s have the s a m e f u e l - c y c l e c o s t s but 
differ by m o r e than a f a c t o r of t en in the p l u t o n i u m r e q u i r e d . H o w e v e r , 
h i g h e r f ixed c h a r g e s on p l u t o n i u m i n v e n t o r y , to be e x p e c t e d wi th the adven t 
of p r i v a t e o w n e r s h i p of fuel , wi l l p r o v i d e s o m e e c o n o m i c i ncen t ive t o w a r d 
c o n s e r v a t i o n . 

4. C a l c u l a t i o n of P h y s i c a l P r o p e r t i e s of R e a c t o r M a t e r i a l s a t High 
T e m p e r a t u r e s 

The t h e r m o d y n a m i c and t r a n s p o r t p r o p e r t i e s of m e t a l v a p o r s c a n 
be c a l c u l a t e d f r o m the i n t e r a t o m i c p o t e n t i a l e n e r g y a s a funct ion of the 
i n t e r n u c l e a r s e p a r a t i o n d i s t a n c e , u s ing w e l l - k n o w n f o r m u l a e . H o w e v e r , 
s ince the m e t a l s have f r e e v a l e n c e e l e c t r o n s , r e p u l s i v e a s we l l a s a t 
t r a c t i v e s t a t e s e x i s t . Su i t ab l e a v e r a g i n g p r o c e d u r e s have b e e n d e v e l o p e d 
for c a l c u l a t i n g the p r o p e r t i e s of a t o m s i n t e r a c t i n g a long m u l t i p l e p o t e n t i a l -
e n e r g y c u r v e s , a n d t h e s e a r e be ing t e s t e d a g a i n s t the a v a i l a b l e e x p e r i m e n t a l 
da ta . 

C o m p u t e r p r o g r a m s have b e e n w r i t t e n to ob ta in the a t t r a c t i v e p o t e n 
t i a l c u r v e s f r o m s p e c t r o s c o p i c da ta , and t h e s e p o t e n t i a l s a r e be ing pu t into 
a r e d u c e d f o r m by s c a l i n g the e n e r g y in a c c o r d a n c e wi th the dep th of the 
p o t e n t i a l w e l l , and the i n t e r n u c l e a r s e p a r a t i o n d i s t a n c e a t the p o t e n t i a l 
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minimum. The reduced form of the true potential curve is being compared 
with shapes of various empirical potential curves to fit potential pa ramete r s 
for extrapolation to points beyond the range of the calculated potentials. 

This method simplifies the computations of proper t ies since tabula
tions of virial coefficients and t ransport integrals exist for some empirical 
potentials. The alkali metals scale well with the Rydberg potential, as ex
pected. Further comparisons a re in progress between the ground-state 
potentials for uranium and plutonium as calculated by a Thomas -Fe rmi -
Dirac statistical model and the Rydberg potential. 

An empirical relation for the behavior of the density of liquid and 
vapor near the critical point has been substantiated by comparisons with 
such diverse fluids as liquid helium and mercury. Theoretical support of 
this empiricism has been found in the predictions of the Ising model of a 
lattice gas. Calculations of thermodynamic proper t ies from this relation 
will be made and tested against experimental data. 



49 

C. High-temperature Materials Development 

1 • Ceramics 

a- Reaction of Uranium Carbide with Water. The oxidation r e 
action of compositions in the system UC-US with water is being investi
gated by differential thermal analysis (DTA). Only UC, US, and 
UC-60 w/o US, which is the composition of the limit of solubility of UC 
in US, a re under investigation. 

Sintered specimens of UC, UC-60 w/o US, and US were 
crushed under alcohol and the powders sieved to -100 +325 M (U. S. 
Standard Sieve) after evaporation of the alcohol. The powders, mixed 
with an equal weight of AljOj, were heated in flowing, water -sa tura ted 
argon at 5°C/min to 1000°C in the DTA apparatus. 

All three compositions produced DTA plots containing three 
distinct exothermic peaks. Each was broad and was terminated on the 
upper side by the beginning of the next peak. The first exotherm for UC 
reached a maximum at 315°C, for UC-60 w/o US at 405°C, and for US at 
400°C. Each of the exotherms began approximately 100°C below the peak 
tempera ture . The second exotherm for UC peaked at 500°C, for 
UC-60 w/o US at 500°C, and for US also at 500°C. The third exotherm 
was at 775, 730, and 675°C for UC, UC-60 w/o US, and US, respectively. 
The f i rs t peak for UC occurs approximately 35°C lower than the lower 
of the two exothermic peaks for UC oxidized in air , whereas the US and 
UC-60 -w/o US produced initial peaks in water at approximately the same 
tempera ture as their single peaks in a i r . X-ray analyses are being done 
to determine the reactions for each of the exothermic effects. 

b. Sintering Character is t ics and Proper t ies of PuS and PuP. 
The sintering charac te r i s t i cs and proper t ies of plutonium monosulfide 
and plutonium monophosphide a re being investigated as part of a broad 
p rogram to evaluate potential fast reactor fuels. The compounds were 
prepared by reaction of part ial ly decomposed plutonium hydride with 
hydrogen sulfide or phosphine. The resulting sulfide or phosphide powder 
was then homogenized for 4 hr under vacuum at 1600 and at 1500°C, 
respectively. 

Chemical analysis showed that high-purity PuS containing 
about 0.01 w/o oxygen and 0.01 w/o nitrogen could be made by the above 
procedure. No analyses of the PuP powder a re available. The lattice 
constant of PuS in equilibrium with PU2S3 is 5.5409 + 0.0001 A, whereas 
pure PuS has a lattice constant of 5.5383 ± O.OOOIA. Fur ther work is 
needed before any conclusion can be drawn regarding the compositional 
l imits of the PuS phase. The lattice constants of PujSj in equilibrium 
with PuS are 8.4182 + 0.0001 A and 8.4193 ± 0.0001 A. A change in the 



50 

lattice constant of PuP from 5.6562 to 5.664 A indicates that the PuP phase 
field may exist over a range of composition. Micros t ructures of sintered 
PuS pellets show a small amount of PujSj phase at the PuS grain boundaries. 

The changes in density and in percent weight loss of PuS and 
PuP pellets as a function of sintering temperature were investigated. Plu
tonium monosulfide pellets heated in vacuum attained a geometric density 
of about 94% of theoretical at an optimum sintering tempera ture of 1600°C. 
The weight loss at this temperature was 1.2% of the original weight, in
cluding 0.5 w/o of binder loss . At tempera tures above 1600°C the density 
decreased slightly, the change being accompanied by a rapid increase in 
the rate of vaporization. In one atmosphere of argon, the weight loss was 
reduced and geometric densities of 92% theoretical were attained on 
pellets sintered at 1700°C. Plutonium monophosphide pellets sintered 
under vacuum attained a maximum geometric density of 88% of theoretical 
when held at 1600°C for 2 hr. The weight loss at this temperature was 
appreciable, being 2.1%. Sintering above 1600°C produced a rapid increase 
in the rate of vaporization, whereas the density decreased slightly. 

Melting points of PuS and PuP were measured m a tungsten-
filament furnace. Plutonium monosulfide melted at 2330°C under a p r e s 
sure of 1 atm. The rate of vaporization of PuP heated above 2400°C 
under a pressure of 1 atm was so great that the sight glass fogged and the 
melting point could not be measured. A sample heated under 2 atm 
melted at a power setting on the furnace that corresponded to a tem
perature of about 2900°C. This value is quite high for a plutonium com
pound: Further work is needed to determine a more exact melting point. 
The best estimate for the melting point of PuP is that it l ies between 
2 540°C, the melting point of UP, and 3000°C, the melting point of ThP. 

The average value for the room-tempera ture electr ical r e 
sistivity of PuS was 2450 + 150 micro-ohm-cm. This value is considerably 
greater than the range of 112 to 359 micro-ohm-cm reported for US. 

The average linear thermal expansion coefficient of PuS over 
the range from 18 to 960=C was 18.54 x 10-y°C. This high rate of ex
pansion was unexpected, since the coefficient for US is 11.6 x 10-y°C 
for the same temperature range. 

^- The Preparation of Uranium Monosulfide. Several attempts 
to synthesize US electrolytically were made with commercial Na2S and 
UCl4 as starting materials and a NaCl-KCl salt bath (see P rog re s s Report 
for September 1964, ANL-6944, p. 59). The cathode and anode consisted, 
respectively, of a rotating molybdenum paddle and a graphite crucible. 
In the runs that appeared to be successful, the application of an emf of 
5̂ 0 V resulted in a rapid r ise in back-emf to 3.2-3.4 V. The back-emf 
then remained constant until the completion of the reaction was indicated 
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by a rapid r i se in current and corresponding drop in back-emf. Despite 
both drying with anhydrous HCl and electrolytic predrying of the melt, 
the products obtained appeared to be mainly UOS and UO2. The hygro
scopic commerica l NazS was a likely source of the oxygen contamination. 
Therefore, sulfides less hygroscopic than NajS were used. 

The use of lead and calcium sulfides resulted in rapid de
struction of the molybdenum cathodes, probably because of the formation 
of low-melting alloys. With a graphite cathode, lead and sulfur were 
visually identified as the main products in the case of lead sulfide. How
ever, resu l t s with calcium sulfide and a graphite cathode were similar 
to those reported for sodium sulfide except for a lower back-emf of 
2.6 V. The product from this run is presently being evaluated. 

The use of sulfides containing metals capable of reducing 
uranium, such as sodium and calcium, apparently leads to a reaction be
tween sulfur and uranium. Similar resul ts have been reported for the 
electrolytic preparat ion of various metal phosphides. ' 

More experiments are planned with CaS as the sulfide source 
to enable a decision concerning the practicability of synthesizing US by 
the electrolytic method now being employed. 

d. P roper t i e s of (Th, U) Phosphides. The relative stability of 
UP and the fact that ThP exhibits a melting point of about 3000°C has 
aroused interes t in the use of actinide phosphides as fuel and breeding 
mater ia l s in reac to r s at very high tempera tures . Before the phosphides 
of uranium and thorium can be evaluated for reactor use, much information 
on the charac te r i s t i cs of UP, ThP, and their solid solutions must be ob
tained. 

The high- temperature stability, stoichiometry, and fabricating 
charac ter i s t ics are being investigated. ThP and UP have been shown by 
X-ray diffraction to exhibit complete mutual solubility across the entire 
compositional range. Lattice constants lie on a fairly smooth curve that 
exhibits a slight positive deviation from lineari ty. In addition, s intered 
densities and weight losses in vacuum at 2200°C are higher toward the 
UP end of the binary system, despite the lower surface area . These resu l t s , 
based on later work, supersede those repor ted in the September monthly 
repor t (ANL-6944, p. 60). 

Melting tempera tures of three intermediate compositions (see 
Table XV) fell on a smooth curve. 

'Chene, M., The Production of Metallic Phosphides in Fused 
Elec t ro ly tes , Ann. Chim. (Par is) 15, 187-285 (1941). 
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Table XV. Melting Temperatures in 
the Binary System ThP-UP 

Melting Temp in Helium 
Composition (°C) 

ThP 2900 
75 w/o ThP-25 w/o UP 2860 
50 w/o ThP-50 w/o UP 2825 
2 5 w/o ThP-75 w/o UP 2725 

UP 2600 

A series of UP pellets were prepared and fired for one hour 
in vacuum at temperatures from 1600 to 2200°C. Some of the UP powder 
was pelletized without any further t reatment , and some was ball milled 
for 5 hr. Results given in Table XVI show the improvement produced by 
ball milling on sintered density, which was inarked for pellets fired at 
the lower temperatures. The main effect seemed to be an increase of 
the activity of the powders. There was little improvement in sintered 
density by firing over 2000°C, since further densification was offset by 
weight losses, which increase rapidly above this tempera ture . Weight 
losses for UP at 2200°C were about four t imes greater than those at 
2000°C. 

Table XVI. Sintered Density* as a Function of 
Firing Temperature and Treatment 

1600°C 1700°C 1800°C 2000°C 2200°C 

Untreated 

Ball Milled 

86.8 

93.7 

90.3 

95.6 

93.0 

95.9 

95.6 

96.6 

96.1 

96.7 

*Percent of theoretical density. 

e- Mechanical Proper t ies of Uranium Compounds. F rac tu re tests 
have been made with specimens of UO2 at about 1000°C and 1250°C with the 
variations in load rate reported in Table XVII. Tests at 1250°C initially 
proved difficult to control because of the small plastic deformation occur
ring at this temperature and the inability to detect the moment of contact 
between stressing tools and specimens. A dial gauge bearing on the c ro s s -
head of the machine proved effective in assessing the required movement 
and also allowed some measure of strain to be made. Reproducibility of the 
curves obtained by this means was remarkably good, and values of 1800 to 
1950 kb were obtained for Young's modulus, well within the figures r e 
ported in the l i terature. 
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Table XVII. Fracture Test Data for UO2 

B a t c h 
N u m b e r of 

S a m p l e s 

4 
5 
5 
4 
2 
2 
4 

Dens 

M e a n Va lue , 
g m / c c 

10.55 
10.47 
10.51 
10.60 
10.62 

9.60 
10.52 

jity 

S t a n d a r d 
D. ev ia t ion 

a 

0.003 
0.027 
0.016 
0.01 
0.005 
0.2 
0.01 

M 
a 

Modulus of 

can Value 
, k g / c m ^ 

1239 
1097 
1044 
1759 
1624 
1154 

377 

Rup tu r e 

S t a n d a r d 
Dev ia t ion , 

k g / c m ^ 

92.0 
61.9 
81.7 
98.2 
53.0 
62.8 
10.8 

M e a n Load 
R a t e , g / s e c 

63.4 
575.3 

1114.4 
27.2 

194.8 
199.5 
362.4 

T e m p , 
°C 

1015 
1025 
1020 
1250 
1255 
1250 
1250 

The resul ts indicate a significant r i se in modulus with r ise in 
tempera ture (see P rogres s Report for October 1964, ANL-6965, pp. 58-9) 
for s imilar ra tes of loading and similar density. The difference in values 
obtained at 1020°C and 1250°C is greater than that from room temperature 
to 1020°C for low and medium rates of s tressing. The low figures for 
high ra tes of s t ressing at 1250°C were obtained before the introduction of 
the dial gauge and will be rechecked. Lower density has a similar effect 
on modulus at 1250°C as at lower temperatures . 

Density changes in fractured specimens have been recorded 
in all cases tested. There appears to be little correlation with load rate 
at both 1000 and 1250°C, which might suggest the change is mainly due to 
increase in volume of the pores . Microscopic examination of one specimen 
broken at room temperature provided an example of cracks joining up pores 
in the grain boundary. These cracks travel partly transgranularly and 
confirm the model proposed by Hasselmann.° 

f. Anelasticity of Some Uranium Compounds. The Young's 
modulus for four bars of UOj was determined. Two of the bars were 
brought to the final dimensions by lapping; the other two were as sintered. 
Bars 1 and 2 were prepared by pressing the UO2 powder plus binder in a 
steel die at 140 kg/cm^ and repress ing them isostatically at 3850 kg /cm^ 
The specimens were sintered in hydrogen at 1700°C for 4.5 hr. The O/U r a 
tio was 2.005. They were finished by automatic lapping with silicon carbide 
papers 80C, 120C, 180C, 240A, 400A, and 600A. Water was used as a 
coolant. Bars 3 and 4 were prepared by prepressing the powder and binder 
isostatically at 3850 kg/cm^, granulating, forming in a steel die at 
420 kg/cm^, and repressing isostatically 3850 kg/cm^. They were sintered 
in hydrogen at about 1700°C for 4.5 hr . The O/U ratio has not yet been 
determined. It should be pointed out that this sintering was done in a 
different furnace than for bars 1 and 2, and this could have introduced some 
changes. 

SHasselmann, D. P. H., Relation Between Effects of Porosi ty on 
Strength and Young's Modulus of Polycrystall ine Mater ia ls , J. Am. 
Ceram. S o c , 46(11) 564 (1963). 
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The Young's modulus was determined by the resonance tech
nique introduced by For s t e r . ? The flexural resonance frequencies were 
excited by two methods. In the first one the specimen was supported on 
foam rubber and driven by placing the needle of a record cutting head 
(Astatic X-26) against the bar. The vibrations were detected by the needle 
of a phonograph cartridge (Astatic L-12). The second method consisted 
in suspending the specimen by two platinum wires , 0.0254 cm in diameter 
and 41 cm long, placed 2 mm from the nodes of the sample. One wire was 
attached to the needle of the record cutting head and the other to the 
phonograph cartridge. The flexural resonance frequency of bar 1 was de
termined by both methods and the results were consistent. 

In the case of bars 2, 3, and 4 it was not possible to excite 
consistently the flexural resonance frequency by the second method of 
excitation. The lack of response was attributed to the fact that the 
specimens were heavier. An attempt was made to reduce the dimensions 
of bar 2, but it was broken during the lapping operation. 

Dimensions, density, and elastic modulus are shown in 
Table XVIII. The Poisson's ratio was assumed to be 0.3.1° It can be 
observed that the Young's modulus of the finished pieces was larger than 
that obtained from the unfinished specimens. Probable causes might be; 
(a) lack of precision in the paral lel ism and dimensions of bars 3 and 4, 
(b) dissimilar microstructures due to the different fabrication procedures, 
and (c) skin effect occasioned by the lapping of specimens 1 and 2. Further 
study will be made with one of the previously unfinished specimens lapped. 
The torsional resonance frequency v/as only excited for bars 3 and 4, and 
even in these cases the readings were not reproducible. 

Table x v m . Dimensions, Density, and Elastic Modulus of U02 at Rooni Temperature 

Sample 

1 
2 
3 
4 

Width. 

cm 
111 

0.71Z 
0.741 

0.819 
0.818 

Depth. 

cm 
(11 

0711 

0.738 
0.465 

O470 

^fter Sintei 

Length, 

cm 

6,459 
6,350 
7,351 

7.350 

•ing 

Weight, 

gm 

34.1734 
34.5539 

29.0712 
29,1831 

Density. 
gm/cc 

121 

10.62 
10.61 
10.54 

10.49 

Width. 

cm 

0.564 
0.538 

Depth, 

cm 

0.417 
0,480 

-

After Lapping 

Length. 
cm 

6.459 
6.350 

Weight. 
gm 

15.9332 
17.2532 

Density. 
gm/cc 

(21 

10,53 
10,54 

E|. kb 

(3) 

2056 
2062 

1813 
1846 

Ee. kb 
(41 

2070 
2062 
1856 
1851 

G, kb 
(51 

794 
794 
714 
705 

ll'Average of 3 measurements. 

•2l0ensity determined by the Archimedes' method. 

% o u n g ' s Modulus calculated from the flatwise f le iura l vibration. 

4 Young's Modulus calculated from the edgewise f lexural vibration. 

I51shear modulus calculated (rom the e«pressionr u • IE/2G) • 1. where ^ is the Poisson's ratio and E the average of Ef and Eg. 

^Forster, F . , Z. Metalkunde, 29(4) 109-115 (1937). 

Lang, S. M., Properties of High Temperature Ceramic and Cermets , 
Elasticity and Density at Room Temperatures , U. S. Nat. Bur. 
Standards, Monograph 6 (March 1, I960). 
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2. Thor ium-base Fue 1 s 

^- Fabricat ion of Thorium-Uranium-Plutonium Alloys. Alloys 
with 60 w/o of thorium, 20 w/o of uranium, and 20 w/o of plutonium were 
successfully cast by the injection-casting process . Alloys with 70 w/o of 
thorium and more , however, had too high a liquidus temperature to be 
cast by the same method. The quartz and Vycor tubes used as mold 
mate r ia l s softened at the required high casting temperature (1400°C or 
higher). In looking for a suitable mold mater ia l several grades of 
graphite were tr ied. Impervious graphite appeared to be a reasonable 
substitute. Still it soon became obvious that a great deal naore development 
work would have to be done to be able to produce sound castings of high-
tempera ture alloys in a controlled and reproducible manner. 

Because of the need for preparing specimens for i rradiat ion 
testing, a method was developed for fabricating ternary thor ium-uranium-
plutonium alloys by rolling and swaging. It was reasonable to try this 
approach since thorium is a face-centered cubic mater ia l that can be 
worked easily. The ternary alloys of concern are two-phase alloys con
sisting of ct'j'h and a,jj, /3y or 7u , depending upon tempera ture . The 
plutonium constituent is distributed between the thorium-base solid-
solution phase and the uranium-base solid-solution phase. The second 
phase does not form a continuous network, but is present as uniformly 
distiributed oblong or nearly spherical inclusions in the thorium-base 
matr ix . 

Fabricat ion by rolling and swaging was generally successful. 
Three high-purity alloys investigated were: 

(i) Th-30 w/o Pu; 

(ii) Th-20 w/o U-10 w/o Pu; 

(iii) Th-10 w/o U-10 w/o Pu. 

Alloys (ii) and (iii) were chosen because ear l ie r phase studies have shown 
that they contain no liquid phase at least up to 900°C. All three alloys 
could be cold rolled to 50% reduction. 

When the same methodwas t r ied with alloys (ii) and (iii) made from 
commercia l thorium, ingot uranium, and r eac to r -g rade plutonium, the 
alloys, which were of lower purity, cracked in the f irs t or second rolling 
pas se s . Metallographically these alloys showed considerable thorium 
dioxide contamination in the form of dendri tes . 

After severa l t r ia l s a p rocess was developed by ^vhich a r c -
melted alloys of so-cal led commercia l purity could be fabricated into 
i r radiat ion pins. The process consists of 
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(i) a 24-hr heat t reatment at 850°C followed by water quenching 
to dissolve and keep in solution as much as possible of the 
impurity content of the alloys; 

(ii) hot rolling at 450''C for a total reduction of 50%; 
(iii) A repetion of the heat t reatment described in (i); 
(iv) swaging at 450°C for a total reduction of 30 to 40%; 
(v) continuation of heat t reatments and swaging until the 

desired size is obtained. 

The entire process was monitored by hardness t e s t s . The alloys 
of commercial purity had hardness values of 50 to 60 Rg for the heat- t reated 
materials and 70 to 75 Rg for the worked mate r i a l s . The high-purity alloys 
are softer. Their hardnesses are 18 to 35 Rg for the hea t - t rea ted alloys and 
about 60 R B for the worked alloys. 

3. Corrosion by Liquid Metals 

a. Lithium Corrosion at Elevated Tempera ture 

(i) Nitrogen Determination. The most common nonmetallic im
purities in lithium are hydrogen, oxygen, nitrogen, and chlorine. Of these, 
oxygen and nitrogen are regarded as the major impuri t ies causing corrosion. 
To study the nature of these influences on a refractory metal- l i thium system, 
a suitable analytical procedure for determining the oxygen and nitrogen con
tents in lithium is of vital importance. 

A reliable technique of analyzing lithium for oxygen has not 
yet been developed, although neutron activation reportedly shows some 
promise. Analyses of lithium for nitrogen can be made with reasonable ac
curacy by a method based on the hydrolysis of lithium nitride to form am
monia and lithium hydroxide. 

An analytical apparatus for nitrogen determination has been 
assembled, and a protective sample-transfer container has been built. P r e 
liminary runs with known samples show that the sensitivity of the analytical 
method is adequate for nitrogen in the 20 to 250 ppm range. 

(") Corrosion Test. A high-purity a rc -mel ted molybdenum cap
sule partly filled with lithium, to provide a lithium-molybdenum system for 
corrosion testing, was encapsulated in a quartz tube containing zirconium 
turnings as getter mater ial . The assembly was tested in a res is tance fur
nace under atmospheric conditions. After 100 hr of continuous exposure of 
the molybdenum to lithium at 1000°C, a sample of the lithium was taken in a 
helium glovebox. The nitrogen content of the lithium was determined to have 
increased to 60 ppm from an initial 30 ppm. 

Since the molybdenum exhibited little or no metallographic 
evidence of corrosion, 60 ppm of nitrogen in lithium presumably has no 
short- term corrosive effect on molybdenum at 1000°C. 

Tests with higher concentrations of impurit ies and at higher 
teniperatures will be conducted as soon as the required instruments and 
high-temperature furnaces are available. 



D. Other Reactor Fuels and Materials Development 

1. Zirconium Alloys for Superheated Steam 

Samples of Z r -3 w/o Ni-0.5 w/o Fe and Z r - l . l w/o Cu-1.2 w/o Fe 
m hot-rol led condition have been corrosion tested in deoxygenated steam 
at 540°C and 42 kg/cm^ gauge (600 psig) for a total of 316 days in a rerun 
of a previous tes t . The purpose of the rerun was to determine whether an 
increase in weight-gain rate seen after 220 days in the previous test had 
been associated with an over temperature excursion that occurred or with 
an apparent general tendency toward increasing rates at extended t imes . 
The more recent data show that the excursion did contribute substantially 
to the increase ; weight-gain rates are continuing to decrease slightly with 
t ime, being 3.4 mdd for the Z r - N i - F e alloy and 2.4 mdd for the Zr -Cu-
Fe alloy for the most recent period. Although the surfaces bear the usual 
corrosion product without blemishes, the usual film edge cracks are 
present . The test is continuing. 

Four samples, s imilar in composition to those discussed, had been 
formed from the a s -cas t mater ia l by the high-energy Magneform process 
and had then been corrosion tested in deoxygenated steam at 560°C and 
42 kg/cm^ gauge (600 psig) for 127.5 days. The corrosion behavior was 
not unusual for these ma te r i a l s , and the surface appearance equalled the 
best observed previously on hot-rolled samples after a corrosion test . 

Since a s -cas t mater ia l from the same ingots as the Magneformed 
samples had developed b l i s ters during corrosion tes ts under the same con
ditions, a limited amount of further study was made of surface blemishing. 
Since the high-energy process reduction had been up to 10%, mater ia l was 
prepared by 10% cold rolling and (separately) 10% hot rolling, and corrosion 
tested at 650°C to accelera te the test . Blemishes were seen on the cold-
rolled samples but not on the hot-rol led. Blemishes are therefore appar
ently associated with physical defects in the as -cas t s t ructure that may be 
reduced by hot rolling or by high energy forming but not by cold rolling. 

2. Corrosion of Iron and Nickel Alloys in Superheated Steam 

This program is essentially completed and a terminal report is in 
preparat ion. 

3. Nondestructive Testing 

a. Determination of Elast ic Moduli of High- temperature Mater ia ls 
by Ul t rasonics . The object of this program is to measure the tempera ture 
dependence of the elastic moduli of mate r ia l s that show promise in high-
tempera ture reactor applications. To obtain these data a vacuum furnace 
has been constructed in which solid bar-shaped samples will be mounted. 
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P u l s e d u l t r a s o n i c waves wi l l be p r o p a g a t e d a long the l eng th of t h e s e s a m p l e s , 
and the t r a n s i t t i m e s of p u l s e s p a s s i n g a h e a t e d , indexed r e g i o n in e a c h b a r 
will be m e a s u r e d . The indexing is done by m a c h i n i n g one end to a s m a l l e r 
d i a m e t e r than the r e s t of the b a r . 

The ve loc i ty of sound in the indexed r e g i o n can be c a l c u l a t e d 
f rom the length of th i s r eg ion and the t r a n s i t t i m e in i t . Both s h e a r - w a v e 
ve loc i t i e s and longi tudina l v e l o c i t i e s a r e d e t e r m i n e d . 

The fu rnace was t a k e n a p a r t and the h e a t e r r ewound . The h e a t e r 
was modif ied so that m o r e power could be put into the f u r n a c e . A T V - 2 0 
spec imen that was hea ted and p r e v i o u s l y m e a s u r e d ( see P r o g r e s s R e p o r t for 
October 1964, A N L - 6 9 6 5 , pp. 61-2) was r e m o u n t e d and the m e a s u r e m e n t run 
extended to 1150°C. Work is cont inuing on the r e d u c t i o n of d a t a f r o m t h e s e 
runs and on cont ro l l ing the t h e r m a l g r a d i e n t in the s a m p l e s . 

b . U l t r a s o n i c I m a g i n g . A t w o - e l e m e n t p o l y s t y r e n e u l t r a s o n i c l e n s l l 
has been f ab r i ca t ed and s tudied in connec t ion wi th the u l t r a s o n i c i m a g i n g 
s y s t e m . The lens is m u c h s u p e r i o r to t h o s e p r e v i o u s l y e v a l u a t e d and, wi th a 
magni f ica t ion of about 2X, does s o m e w h a t i m p r o v e the r e s o l u t i o n of the 
s y s t e m . 

c. C o r r e l a t i o n of Hea t T r a n s f e r and Bond Qua l i t y . The c o r r e l a t i o n 
be tween u l t r a s o n i c t r a n s m i s s i o n c a p a b i l i t i e s of v a r i o u s t y p e s of m e c h a n i c a l 
bonds and t h e i r h e a t - t r a n s f e r c a p a b i l i t i e s is be ing s tud i ed . To d e t e r m i n e 
the t h e r m a l p r o p e r t i e s of the bonds the t h e r m a l p u l s e m e t h o d for m e a s u r i n g 
diffusivity and conduct ivi ty deve loped by P a r k e r et a l . l 2 ^g be ing u t i l i z e d . 
The front su r face of the s p e c i m e n s is u n i f o r m l y i r r a d i a t e d by a v e r y s h o r t 
pu lse (of a p p r o x i m a t e l y 600- |Usec d u r a t i o n ) of r a d i a n t e n e r g y s u p p l i e d by a 
xenon flash tube . The t e m p e r a t u r e h i s t o r y of t he b a c k s u r f a c e is con t i nu 
ously m o n i t o r e d by feeding the output of a t h e r m o c o u p l e in c o n t a c t wi th the 
back su r face into a d i f fe ren t i a l ampl i fy ing s y s t e m and t h e n into an 
o s c i l l o s c o p e . 

Ca lcu la t ions of the t h e r m a l diffusivi ty a and conduc t iv i ty K for 
the ro l l -bonded BORAX-V fuel p l a t e s have b e e n c o m p l e t e d . V a l u e s of a 
ranged f rom 0.0289 to 0.0248 c m Y s e c , and v a l u e s of K f r o m 0.0329 to 
0.0271 c a l - c m / c m ^ - s e c - ° C . 

T h r o u g h - t r a n s m i s s i o n u l t r a s o n i c t e s t s at a n u m b e r of f r e q u e n -
c ies on the BORAX-V s p e c i m e n s a r e now in p r o g r e s s . 

Suckl ing, E. E . , and B e n - Z v i , S., A t t e m p t s to P r e d i c t the P e r f o r m a n c e 
of an I m a g e - F o r m i n g U l t r a s o n i c M i c r o s c o p e , IRE T r a n s . U l t r a s o n i c 
E n g i n e e r i n g , U E 9 . 56-59 (1962). 

P a r k e r , W. J . , J e n k i n s , R. J . , B u t l e r , C. P . , and Abbot t , G. L . , F l a s h 
Method of D e t e r m i n i n g T h e r m a l Diffus ivi ty , H e a t C a p a c i t y and' 
T h e r m a l Conduct iv i ty , J . Appl . P h y s . , 32^, 1679 (1961). 
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^- Transducer and Technique Development. Current ultrasonic 
techniques for the inspection of smal l -diameter , thin-walled tubing utilize 
t r ansducers with highly concentrated beams. This concentration can be 
achieved by using tubular or hemispherical forms of the piezoelectric 
crysta l ma te r i a l or by attaching lenses to the front of crys ta ls . More often 
than not, formed crysta ls with the desired character is t ics are not readily 
obtainable. 

With this in mind, developmental efforts for the design and 
fabrication of focused t ransducers have been concentrated on the use of a 
lens for accomplishing the focusing of ultrasonic beams. This month, 
two spherically focused, 5-Mc t ransducers were fabricated by attaching 
Araldite epoxy lenses to the front of conventional t ransducer units. Schlieren 
photographs taken of these focused units revealed that they need to be more 
sharply focused. 

Work is now under way to improve the Schlieren system in both 
versat i l i ty and image quality. A rf-power amplifier is being constructed to 
function in conjunction with a sine-wave oscillator as the continuous wave 
source. Various grades of optical glass are being considered and investi
gated for replacing the regular glass sidewalls of the water tank. 

A Lamb-wave t ransmiss ion technique has been applied and 
evaluated for its feasibility as a method of inspecting plate-type fuel. In 
this test , separate send and receive t ransducers were utilized as in a con
ventional t ransmiss ion technique. However, the t ransducers were positioned 
at a predetermined angle from normal incidence in order to generate the 
lA Lamb-wave mode. As with the conventional technique, nonbonds or 
s imilar types of defects show up as a decrease in amplitude or complete loss 
of the first t ransmit ted pulse. 

The resul ts of the Lamb-wave test were encouraging. However, 
such a technique seems applicable only when paramete rs such as dispersion 
and thickness changes are closely controlled in the manufacturing p rocess . 
Otherwise, the generation of Lamb-wave energy will be lost, and testing will 
be impossible. Separate t ransmi t and receive t ransducers positioned at the 
proper angle on one side of the fuel plate (pulse-echo) would eliminate the 
fuel dispersion factor but would necessi ta te two scans instead of one as in 
the t r ansmiss ion technique. However, this technique shows promise in de
tecting flaws other than nonbonds in fuel plates . 

e. Development of a Neutron-image Intensification System. The 
first neutron-image intensifier tube has been received from the Rauland 
Corporation and placed in operation. The tube functions very much accord
ing to the predictions based on pre l iminary tes t s and according to previous 
film resu l t s with neutron scinti l lator ma te r i a l s . The threshold sensitivity 
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(the m i n i m u m n e u t r o n in t ens i ty n e e d e d to y ie ld a s i g n a l f r o m the i m a g e 
in tens i f i e r ) a p p e a r s to be even b e t t e r than the p r e d i c t e d va lue of 10 
t h e r m a l n / c m ^ - s e c , d e t e r m i n e d by d i r e c t o b s e r v a t i o n of the output p h o s p h o r 
of the tube . With a c l o s e d - c i r c u i t Vid icon t e l e v i s i o n s y s t e m to b r i n g the 
image out of the r a d i a t i o n a r e a , the t h r e s h o l d s e n s i t i v i t y a p p e a r s to be 
somewhat in e x c e s s of 10^ t h e r m a l n / c m ^ - s e c (using f / l . 5 , 2 . 5 - c m focal 
length op t i c s ) . 

The abi l i ty of the s y s t e m to d i s c r i m i n a t e t h i c k n e s s c h a n g e s in 
m e t a l s h a s not yet been t ho rough ly s tud i ed . H o w e v e r , p r e l i m i n a r y r e s u l t s 
indica te that changes in t h i c k n e s s of the o r d e r of 8 to 10% can be d e t e c t e d 
in n a t u r a l u r a n i u m 2 to 4 c m th i ck . T h i s r e s u l t i s c o m p a r a b l e wi th f i lm 
neu t ron r a d i o g r a p h i c t e c h n i q u e s employ ing s c i n t i l l a t o r s c r e e n s . 13 

In i t ia l s p e e d - o f - r e s p o n s e m e a s u r e m e n t s i n d i c a t e tha t the c o m 
ple te imaging s y s t e m ( in tens i f i e r p lus c l o s e d - c i r c u i t V id icon s y s t e m ) wi l l 
follow object mot ion v e l o c i t i e s at l e a s t as fas t a s 1 m / m i n wi th no s m e a r 
of the i m a g e . The r e s o l u t i o n p r o p e r t i e s of the s y s t e m p r e s e n t l y a p p e a r to 
be l imi ted by the n e c e s s a r y d i s t a n c e b e t w e e n the ob jec t and the input d e 
tec t ing s c r e e n in the i n t e n s i f i e r , b e c a u s e of the g e o m e t r y of t he t u b e . N e v e r 
t h e l e s s , the s y s t e m is c apab l e of r e s o l v i n g 0 . 5 - to 0 . 7 5 - m m - d i a m e t e r h o l e s 
in n e u t r o n - a b s o r b i n g m a t e r i a l . 

F u r t h e r and m o r e c o m p l e t e eva lua t i on of the p r e s e n t i n t e n s i f i e r 
is now in p r o g r e s s . 

f. Deve lopmen t of I n f r a r e d S y s t e m s for N o n d e s t r u c t i v e T e s t i n g . 
Two s t a i n l e s s s t e e l - j a c k e t e d s a m p l e s con ta in ing Wood ' s m e t a l to s i m u l a t e 
a sodium bond w e r e f a b r i c a t e d and i n s p e c t e d wi th the I n f r a s c o p e . One s a m p l e 
conta ined a hea t ing coi l so tha t it could be h e a t e d i n t e r n a l l y . The s a m p l e 
was hea ted to 160°C, and the s u r f a c e t e m p e r a t u r e w a s r e c o r d e d a r o u n d the 
c i r c u m f e r e n c e at v a r i o u s p o i n t s . S u r f a c e t e m p e r a t u r e d i f f e r e n c e s of 2 to 
3 C w e r e o b s e r v e d ove r loca l a r e a s a r o u n d the c i r c u m f e r e n c e . The j a c k e t 
was s t r i p p e d f rom the s a m p l e and e x a m i n e d . The W o o d ' s m e t a l did not wet 
the s t a i n l e s s s t ee l j a c k e t , but the n u m e r o u s vo ids w e r e a l l 5 m m o r l e s s in 
d i a m e t e r , except for a l a r g e void n e a r the end . 

The second s a m p l e w a s r e s i s t a n c e h e a t e d f r o m the e n d s , but the 
r e s u l t s w e r e i n c o n c l u s i v e . S t r ipp ing showed tha t t he s a m p l e t ube had not 
been comple te ly f i l led, and the s a m p l e had been h e a t e d above the m e l t i n g 
point in a h o r i z o n t a l pos i t ion whi l e t e s t i n g . T h e r e f o r e t he s ide t o w a r d the 
r a d i o m e t e r was p robab ly e s s e n t i a l l y e m p t y . 

A s imu la t ed d u p l e x - t u b e s a m p l e wi th vo ids in t he f o r m of r i n g s 
mach ined a round the c i r c u m f e r e n c e of the i n n e r tube w a s i n s p e c t e d wi th the 

1 3 B e r g e r , H. , and K r a s k a , I. R., N e u t r o n R a d i o g r a p h i c I n s p e c t i o n of 
Heavy M e t a l s and H y d r o g e n o u s M a t e r i a l s , M a t e r i a l s E v a l u a t i o n 
£2_ 305-310 (July 1964). 
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Infrascope. The tube was heated by placing a tungsten filament source in 
the center . The dimensions of the voids were 3 mm wide x 0.25 mm deep, 
3 mm wide x 0.75 mm deep, 6 mm wide x 0.25 mm deep, and 6 mm wide x 
0,75 mm deep. The 3-mm-wide voids produced a surface temperature dif
ference of r c at 190°C, and the 6-mm voids produced a 3°C difference. 
Since the depth had no measurable effect, the temperature difference was 
due to conductivity and was not affected by the heat capacity. The wall thick
ness of the inner tube was 3 mm, the outer tube wall was 0.5 mm, and the 
mate r ia l was 304 stainless steel. 

E. Remote Control Engineering Development 

1- Elect r ic Master-Slave Manipulator Mark E4 

Work has continued on various aspects of this 50-lb capacity manip
ulator. Several layouts have been made of the shoulder joint and part of the 
upper slave a rm. The major problems have been solved, and a detailed 
layout is being started. Articulated full-scale models were used to provide 
a three-dimensional checkout of the configuration layouts. 

Considerable detail study has been carr ied out on linkages for driving 
the "Y" motion. The "Y" motion is, of course, associated with the shoulder-
joint ar rangement as well as with the elbow-joint and counterweighting sys
tem. The major problems associated with the "Y" motion drive have been 
solved. 

The wiring of one of the two control consoles is about 25% complete. 

2. Servo Studies 

Studies are being made of \vays of reducing the cost of the electronics 
for force-reflect ing servo amplif iers . The servos are being investigated to 
reduce the complexity of the amplifier and reduce the number of wires needed 
for the slave a rm. One arrangement that looks promising is the mixing of the 
tachometer and position signals. Then, by using a small feedback amplifier 
at the slave a rm, these combined signals could be fed back to the servo 
amplifiers through one wire for each motion. 

3. Special Motors for Master-Slave Manipulators 

Fur the r tes ts have been performed on the aluminum cup-rotor two-
phase servo motor (see P r o g r e s s Report for July 1964, ANL-6923, p, 62). 
The motor is designed to power a future slave a rm which has a load capacity 
of about 100 lbs. The speed of the motor under no-load conditions was p r e 
viously found to be less than expected. Several changes in the core inside 
the cup-rotor have been shown to reduce this no-load slip somewhat. The 

file:///vays
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best of these is a core with 18 slots skewed with respect to the stator teeth. 
For a temperature r i se of 177°C in the cup-rotor , the motor del ivers a stall 
torque of 29 Ib-in., which is equivalent to a manipulator capacity of 115 lb. 

4. Viewing Systems 

In order to understand the role of various modifying elements in the 
glass structure and its contribution to radiation-induced coloration, the 
optical absorption of thallium in glass is being studied. It has been found 
that one of the ultraviolet absorption bands, due to single Tl in glass 
(5.82 eV in fused silica and 5.75 eV in aluminoborate glass) , fits the following 
empirical equation: 

X(in eV) = 0.306 r+ - 1.789 r . + 8.195, 

where r+ is the radii of the cations and r_ the radii of the anions neares t 
the TV , The equation was initially derived for alkali halide crysta ls and 
was then extended to glasses . The present studies have indicated that 
thallium present as Tl is probably octahedrally coordinated. In both 
glasses, it has O as nearest neighbors. As its next neares t neighbors, 
it has Si ''' in fused silica and B^ in the aluminoborate glass of the part icular 
composition studied. 

F . Heat Engineering 

1. Two-phase Flow Studies 

a. Void Fraction - P r e s s u r e - d r o p Facil i ty. This experimental 
facility is designed to investigate the two-phase flow charac te r i s t i cs of 
boiling sodium; in particular, it is desired to obtain experimental informa
tion pertinent to the vapor volume fraction and two-phase fractional losses 
in an adiabatic test section. The loop is constructed of Type 316 stainless 
steel and is limited to shor t - te rm operation at atmospheric p re s su re and 
about 1630°F. 

The loop has been operating continuously for approximately 
1500 hr at temperatures above 1000°F. During the first two weeks in 
November, intermittent boiling was obtained during several slowly increas 
ing temperature transients at the boiler exit. At the low power density in 
the homogeneous boiler (up to 56 kw/p.) and low inlet velocity (~ 1 f t /sec) , 
the boiling was quite unstable, and the boiling period was highly variable, 
ranging^from a few seconds to 5 min over a t empera ture range from 1330 
to 1410°F. The loop pressure ranged from 2.5 to 3.9 psia and was highly 
variable in an i r regular manner within this range. Although the initial data 
are sparse and not thoroughly evaluated at this t ime, it appears that the 
superheat requirements for volumetric res is tance heating of sodium are of 
the order of 20-40°F, much less than the initial 200-400°F requirements r e 
ported by experimenters utilizing surface boiling. 
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The boiler section and the instrumentation are now being p re 
pared for operation at increased power density, flow rate , and subcooling; 
these increases a re in the direction of increased stability and should pro
duce a stable boiling regime as the system pressure is increased to the 
10- 15 psia range. 

The gamma attenuation and electromagnetic void detectors 
appear to yield satisfactory resul ts , although the use of the latter will r e 
quire a h igher- response- recording circuit for the accuracy needed at 
higher void fractions; this modification is easily accomplished and will be 
available at the t ime two-phase p re s su re - los s data are obtained in the 
adiabatic tes t section. 

Z. Boiling Liquid Metal Technology 

a-. Niobium-1% Zirconium Loop. This facility is designed to in
vestigate the heat - t ransfer and two-phase flow character is t ics of boiling 
sodium to a tempera ture of 2100°F at a p ressure of approximately 8 atm. 
Among the variables to be investigated are boiling heat flux and tempera ture 
difference up to the cr i t ical heat flux occurrence, boiling, and adiabatic 
two-phase p r e s s u r e drop, vapor volume fraction, boiling stability, and 
possibly flow pat terns . 

The Nb-1% Zr loop will be fabricated at the Pra t t and Whitney-
CANEL facility. A procurement directive has been issued by COO-AEC to 
CANEL-AEC along -with the final specifications and drawings. CANEL staff 
are now in the process of determining the construction procedure and 
schedule. 

The purchase order for the electromagnetic-induction sodium 
pump has been approved and sent to the vendor. As soon as the Nb-l7o Zr 
pump tube is completed, it w^ill be shipped to CANEL for welding into the 
h igh- tempera ture loop. 

Instrumentation design for measurement of various pa ramete r s 
throughout the loop is continuing. Specifications have been written, and price 
and delivery requisi t ions have been sent out for 30 niobium-sheathed W5 
Re W26 thermocouples with extension leads for the radiat ion-heater section. 
P r i ce and delivery a re also being obtained for the 30 stainless steel-sheathed 
chromel-a lumel couples for the loop and condenser sections. A prel iminary 
layout of the instrumentat ion and control c ircui t ry has been made. An in
ventory of the "on hand" r eco rde r s revealed additional recording equipment 
will be necessa ry . 

Specifications have been -written and price and delivery requis i 
tions have been sent out for four differential and four absolute p r e s su re 
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t ransducers . It is expected that the pr ices of these t r ansducers , if available, 
will be quite high. P r e s s u r e t ransducers of the type desired have been fabri
cated at this Laboratory. A design for t ransducers of the proper ranges is 
under way as a backup effort. 

It has been proposed that an electromagnetic flowmeter be used 
for the determination of void fraction in this loop. 14 In such a method a cor
rection factor must be applied to account for the change in conductivity of the 
two-phase field. An investigation for a theoretical and an empir ica l ly cor
rection factor is in p rogress ; prel iminary resul ts indicate that this co r r ec 
tion is appreciable at high void fraction, due to considerable departure from 
the linear theory. 

The vacuum-chamber vendor has abandoned efforts to repair the 
defective bell jar cooling water lines and will completely rebuild this portion 
of the vessel . The lower portion of the chamber and the vacuum pumping 
system has been received. Installation of this equipment and the walkway 
has begun. The hardware necessary for the electr ical connection of the 
equipment has been ordered and arrangements have been made for this work. 

Specifications for relatively small , portable liquid nitrogen con
tainers have been completed. Plans for the al ternatives of a large mobile 
tank and a nitrogen condenser have been eliminated on the basis of excessive 
cost. 

b. Heater Experiments 

(i) Thermal Radiation Heater Experiment . The the rmal -
radiation-heated boiler section and a thermal radiation preheat section for 
the Nb-1%) Zr loop have been designed. Fabricat ion drawings for both the 
boiler section and preheater have been completed. Information gained from 
the thermal radiation heater experiment has been utilized in the design of 
these heaters . In both the boiler section and the preheater , heat will be 
generated in tungsten wire elements surrounding the flow tube. Heat will 
be transferred from the heating elements to the Nb-1% Zr tube by thermal 
radiation only. In the boiler section, t empera tures will be measured at 
known radial locations in the thick wall, enabling both the heat flux and the 
inside wall temperature to be determined. 

Checkout of the 150-kW power supply has been completed. 
This supply will be used in conjunction with the boiler section of the Nb-
1% Zr loop. 

Heineman, J. B., et al . . Electromagnetic Flowmeter for Void Fract ion 
Measurements in Two-Phase Metal Flow, Rev. Sci. Inst. 34, 399-401 
(1963) . 

15Petrick, M., and Lee, K., Performance Charac te r i s t i cs of a Liquid 
Metal MHD Generator, ANL-6870. 
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The thermal radiation heater has operated for 400 hr . 
Approximately 250 hr of nonboiling and 150 hr of boiling operation have 
been obtained. The nonboiling data have yielded Nusselt numbers Nu some
what higher than those predicted by the empirical correlation of Lubarsky 
and Kaufman. Data from the 150 hr of boiling operation at low pressure 
(less than 10 psia) are being analyzed. Both the heated section and the coil 
condenser behaved satisfactorily during the boiling operation. 

(ii) Electron Bombardment Heating Experiment. Assembly of 
the electron-bombardment pool boiler is complete. Several problems con
cerning the readout equipment remain, but are being resolved. A technique 
for filling the system with clean sodium is being developed, 

3. General Heat Transfer 

a. Heat Transfer in Double-pipe Heat Exchangers 

(i) Liquid Metal Cocurrent Turbulent Flow. Following a 
thorough cleaning, the mercury heat transfer loop (see P rogres s Report for 
August 1964, ANL-6936, p. 61) was filled with mercury . The mercury was 
then circulated and heated to 200°F. Except for slight leakage from the 
valves in the storage tank, and the collection of a small amount of water in 
the expansion chamber, initial operation was successful. Venting of the ex
pansion chamber and heating of the mercury to 240°F appeared to eliminate 
water from the system permanently. 

The magnets for the EM flowmeters were installed, and p r e 
liminary investigations of flowmeter operation began. The output signals 
were close to those expected, but drifted somewhat. Later , inspection of the 
electrodes revealed fairly rapid corrosion by the mercury . The electrodes 
were replaced by two sets of polished nickel pins, one set being copper 
plated. After circulation of the mercury for about 8 hr and heating of the 
mercury to 200°F, the output with the polished nickel pins remained constant 
for all t empera tu res of operation. 

The loop has been dismantled for modifications to the flow
me te r s and the sight g lass . In addition, the storage tank was removed and 
cleaned. New valves have been placed on the outlet of the storage tank to 
eliminate the leakage of mercury . 

After re -assembly of the loop, the EM flowmeters will be 
calibrated by the use of calibrated orif ices . The stainless s teel-sheathed 
copper-constantan thermocouples have been calibrated with the switchbox 
and potentiometer to be used by the use of a temperature-control led water 
bath and a res is tance thermometer . 

Two nickel test sections are near completion and should be 
ready for fitting into the loop within a month. 
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4. ANL-AMU P r o g r a m 

O t h e r hea t e n g i n e e r i n g e x p e r i m e n t s , p e r f o r m e d as p a r t of a jo in t 
p r o g r a m be tween the L a b o r a t o r y and A s s o c i a t e d M i d w e s t U n i v e r s i t i e s (AMU), 
a r e d e s c r i b e d below: 

a. P r o p a g a t i o n of Void Waves in an A i r - W a t e r S y s t e m . M o r e p r e 
l i m i n a r y e x p e r i m e n t s w e r e n e c e s s a r y b e f o r e any t e s t da t a could be ob ta ined 
for the inves t iga t ion of the b e h a v i o r of void w a v e s in an a i r - w a t e r s y s t e m 
(see P r o g r e s s R e p o r t for O c t o b e r 1964, A N L - 6 9 6 5 , pp . 7 0 - 1 ) . 

When us ing an e l e c t r i c a l r e s i s t i v i t y p r o b e for m e a s u r i n g vo ids , 
it is n e c e s s a r y tha t the p r o b e be o r i e n t e d p a r a l l e l to the flow. If the p r o b e 
is not o r i e n t e d p r o p e r l y , two p o s s i b l e e r r o r s m a y be i n t r o d u c e d . One is 
that the p r o b e t ip wi l l not be l oca t ed at the e x p e c t e d p o s i t i o n . The o t h e r 
e r r o r a r i s e s if bubbles a r e de f l ec ted by the s l a n t e d p r o b e . T h i s effect h a s 
been checked with p r o b e s o r i e n t e d at ang l e s of 0°, 5°, and 10° wi th the ax is 
of the channel; , no s igni f icant e r r o r w a s i n t r o d u c e d . 

It i s the a im of t h i s r e s e a r c h p r o j e c t to c o m p a r e t he e x p e r i 
m e n t a l r e s u l t s with t h e o r e t i c a l p r e d i c t i o n s . In o r d e r to a c c o m p l i s h t h i s , 
a t h e o r e t i c a l m o d e l m u s t be u s e d , but it m u s t f i r s t be e s t a b l i s h e d tha t the 
a i r - w a t e r s y s t e m u s e d b e h a v e s a c c o r d i n g to th i s m o d e l . Suff ic ient da t a 
w e r e t aken to ver i fy that the M a r c h a t e r r e - H o g l u n d c o r r e l a t i o n ho lds in 
th i s s y s t e m . 

Two t e s t r u n s w e r e m a d e to m a k e a c o m p l e t e a n a l y s i s and c o m 
p a r i s o n with t h e o r y , and the da ta w e r e a n a l y z e d on the IBM 704. No conc lu 
sion could be r e a c h e d in th i s c o m p a r i s o n on the b a s i s of only two r u n s . 

F o u r m o r e r u n s wi l l be m a d e to d e t e r m i n e if the a n a l y s i s p r o 
c e d u r e is s a t i s f a c t o r y . 
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G. Chemical Separations 

1- Fluidization and Volatility Separation Processes 

a- Recovery of Uraniumfrom Low-enrichment Ceramic Fuels 

(i) Laboratory Work. Laboratory work in support of the pilot-
plant investigation of the fluid-bed fluoride volatility process is being con
tinued. The fluorination of solid mixtures approximating those that result 
from the decladding of stainless steel-clad UO2 fuel elements by HF-O2 mix
tures is being studied (see Progress Report for September 1964, ANL-6944, 
pp. 69-70). The purpose of the experiments is to determine the effect of the 
decladding products on plutonium retention by the bed after fluorination. The 
products of the decladding step are assumed to contain a mixture of UO2F2, 
PUF4, fission product fluorides, and iron oxides. A mixture of these com
pounds was reacted with fluorine gas in a fluid-bed reactor containing sin
tered alumina as an inert bed mater ia l . The initial fluorination was a one-
hour t reatment with 5 to 20 v/o fluorine in nitrogen at 450°C. This was 
followed by recycle-fluorination with 100% fluorine at three temperature 
levels: 4 hr at 450°C, 5 hr at 500°C, and 10 hr at 550°C. 

Two tests were performed in which solid mixtures simu- , 
lating declad fuel were fluorinated. The feed materials for these tests con
tained nominally: 1 g plutonium tetrafluoride, 250 g uranyl fluoride, 
2 g fission product fluorides, 40 g ferric oxide, and 450 g alumina. Re
sidual concentrations in the alumina beds after fluorination were 0.041 w/o 
uranium and 0.0087 w/o plutonium in the first test, and 0.012 "w/o uranium 
and 0.010 w/o plutonium in the second test. In an experiment to demon
strate the re -use of alumina bed material , the final alumina bed from the 
second test was used as the starting bed for the fluorination of an additional 
batch of the same feed mater ial . The final bed from this test contained 
0.033 w/o uranium and 0.014 w/o plutonium, which represented a uranium 
recovery of 99.9% and a plutonium recovery of 96.3%. Previous work has 
demonstrated that, although the residual plutonium concentration on the 
alumina increases from the first to the second addition-fluorination cycle, 
high plutonium recovery can be achieved upon successive re -use of the 
aluiTiina, since the plutonium concentration on the alumina remains re la
tively constant during subsequent cycles (see Progress Report for June 
1964, ANL-6912, pp. 76-77). It is believed that a residual plutonium con
centration on the alumina bed equivalent to less than 1% of the plutonium 
charged to the reactor can be achieved by seven addition-fluorination 
cycles using feed mater ia l containing stainless steel decladding products. 

(ii) Alpha Decomposition of Plutonium Hexafluoride. The effect 
of alpha-induced decomposition of plutonium hexafluoride has been investi
gated as a part of a fundamental study of the radiation behavior of plutoni
um hexafluoride. The resul ts of short-duration PuF^ decomposition tests 



(0.5 to 16.0 days) indicated that the alpha decomposition of PuF^, to PUF4 
and fluroine proceeds at a high initial rate (see P rogres s Report for June 
1964, ANL-6912, pp. 77-79). Examination of the PuF(, decomposition 
vessel, a nickel sphere containing a No. 1479 Hoke valve, revealed that 
PuF^ apparently attacked the phosphor-bronze bellows in the valves, which 
were exposed to PuF^ during filling and emptying of the spheres . Analyses 
of the vessel from a 2-day test, for example, indicated that a total of 
6.36 mg PuFj, decomposed, 1.98 mg being attributed to decomposition by 
chemical attack on the bellows. 

On the basis of these observations, all PuFj alpha-
decomposition rates will be corrected for valve corrosion. The largest 
correction will be in the shor t - te rm resul ts for which the total quantity 
of PuF(, decomposed is small. The correct ions, however, do not al ter the 
relationship between decomposition rate and time. 

(iii) Engineering-scale Alpha Facility. An engineering-scale 
alpha facility (see Progress Report for October 1964, ANL-6965, p. 76) is 
being installed to permit demonstration of the major steps of the fluid-bed 
fluoride volatility process for the recovery of uranium and plutonium from 
ceramic oxide fuels. Runs which are planned with fluorination equipment 
involve the use of HF-oxygen mixtures for reacting with and pulverizing 
unclad UO2 pellets (see ANL-6965, p. 75). 

In preparation for these tes ts , a brief study was made in 
glass equipinent of the formation and movement of gas bubbles and the be
havior of the fluidizing medium (alumina) in the voids of a fuel-support bed 
and a fuel-pellet bed. Good gas distribution below the fuel pellet bed is 
necessary to achieve uniform mixing of alumina in the pellet bed. The 
fluidized-bed system consisted of a 2-|--in.-dia glass column in which un
clad UO2 pellets ( l /2 - in . -d ia right cylinders) were immersed in alumina. 
Nickel balls ( I /8 to l /4 in. in diameter) were used as a pellet-bed support 
and as the gas distributor. The nitrogen fluidizing gas was introduced at 
the bottom of the glass column. The tests showed the following; 

(1) Mixing of solids within the voids of the pellet bed is 
associated with bubble formation and movement; an increase in the intensi
ty of solids mixing was observed with the growth of the bubbles as they 
moved up the column into regions of lower p ressu re . 

(2) Gas distribution below the pellet bed is improved by 
the presence of alumina in the voids of the nickel balls used for the pellet-
bed support. 

(3) More uniform distribution of the alumina in the sup
port bed and the pellet bed is achieved if the alumina is charged first to an 
empty reactor. On the basis of these tes ts , a pellet-bed support consisting 
of a 9-in. depth (minimum) of 1/8- to l /4 - in . -d ia nickel balls has been 
recommended. 
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(i'^) Dec l add ing and F l u o r i n a t i o n of U r a n i u m Dioxide F u e l s . 
D e v e l o p m e n t s t u d i e s of the dec l add ing and f luo r ina t ion of u r a n i u m d iox ide 
fue ls in a f l u i d - b e d r e a c t o r have cont inued . A c u r r e n t r u n e x p l o r e d the 
f e a s i b i l i t y of r e c o v e r i n g u r a n i u m f r o m a U 0 2 - s t a i n l e s s s t e e l c e r m e t fuel 
which w a s c l ad wi th s t a i n l e s s s t e e l . The dec ladd ing s t ep e m p l o y e d a p r e 
v ious ly d e m o n s t r a t e d t echn ique ( s ee P r o g r e s s R e p o r t for O c t o b e r 1964, 
A N L - 6 9 6 5 , p . 75) which invo lves the c h e m i c a l d e s t r u c t i o n of the s t a i n l e s s 
s t e e l c l a d d i n g by h i g h - t e m p e r a t u r e r e a c t i o n wi th oxygen and h y d r o g e n 
f l u o r i d e . In th i s s t e p , the u r a n i u m dioxide is c o n v e r t e d to fine p a r t i c l e s of 
u r a n y l f l u o r i d e and a s m a l l quant i ty of UjOg and UF4. The u r a n i u m is r e 
c o v e r e d a s u r a n i u m h e x a f l u o r i d e by s u b s e q u e n t d i r e c t f luo r ina t ion of the 
u r a n i u m c o m p o u n d s . 

The t e s t w a s c a r r i e d out in a l | - - i n . - d i a f lu id -bed r e a c t o r . 
The fuel c h a r g e c o n s i s t e d of a 4 - p l a t e s u b a s s e m b l y which was I I / 1 6 in. 
by 0.5 in. by 8.|- in. long and we ighed 90 g. E a c h p la te was c o m p o s e d of 
18 w / o U 0 2 - s t a i n l e s s s t e e l ( T y p e 304) and c lad in s t a i n l e s s s t e e l . The fluid 
bed c o n t a i n e d 480 g of s i n t e r e d a l u m i n a g r a i n (-48 +100 m e s h ) . 

The dec l add ing s t ep was c a r r i e d out a t 550°C for 4 h r wi th 
a r e a c t i n g g a s m i x t u r e of 40 v / o H F , 40 v / o O^, and 20 v / o N2. The s u b 
a s s e m b l y was c o m p l e t e l y d i s i n t e g r a t e d a t the end of the d e s t r u c t i v e ox ida 
t ion. Af te r the d e c l a d d i n g s t e p , the e n t i r e bed was r e a c t e d with e l e m e n t a l 
f l uo r ine for 11 h r by a t w o - t e m p e r a t u r e f l uo r ina t ion p r o c e d u r e . The 
f l u o r i n a t i o n p r o c e d u r e involved g r a d u a l l y i n c r e a s i n g the f luor ine c o n c e n 
t r a t i o n f r o m 2 to 90 v / o ( r e m a i n d e r n i t r ogen ) ove r a 6 - h r p e r i o d with the 
r e a c t o r bed f lu id ized and a t a t e m p e r a t u r e of 250°C. The f luo r ina t ion was 
con t inued wi th 90 v / o f luo r ine and the t e m p e r a t u r e of the f lu id ized r e a c t o r 
was s lowly r a i s e d f r o m 250°C to 550°C ove r a 3 -h r p e r i o d . The f l u o r i n a 
t ion was then c o m p l e t e d by i n c r e a s i n g the f luor ine c o n c e n t r a t i o n to 95 v / o 
and o p e r a t i n g u n d e r s t a t i c bed cond i t i ons for an add i t i ona l 2 h r a t 550°C. 

High u r a n i u m r e c o v e r y (>99%) was i n d i c a t e d by the low 
q u a n t i t i e s of u r a n i u m r e t a i n e d by the a l u m i n a a t the end of the f l uo r ina t ion 
s t e p . The r e s i d u a l u r a n i u m c o n c e n t r a t i o n in the a l u m i n a a m o u n t e d to 
0.005 w / o , wh ich c o r r e s p o n d s to ~0 .2% of the u r a n i u m c h a r g e . The qual i ty 
of f l u id i za t i on t h r o u g h o u t bo th the p u l v e r i z a t i o n and f l uo r ina t i on r e a c t i o n s 
was good, and the fluid bed a f t e r f l u o r i n a t i o n was f r e e - f l o w i n g . F u r t h e r 
w o r k is p l a n n e d t o w a r d e s t a b l i s h i n g o p t i m u m o p e r a t i n g cond i t i ons for the 
r e c o v e r y of u r a n i u m f r o m U 0 2 - s t a i n l e s s s t e e l c e r m e t fue l s . 

b . R e c o v e r y of U r a n i u m f r o m Highly E n r i c h e d U r a n i u m - A l l o y 
F u e l s by C h l o r i n a t i o n and F l u o r i n a t i o n 

(i) H i g h - a c t i v i t y - l e v e l F a c i l i t y . A b e n c h - s c a l e fac i l i ty h a s 
b e e n c o n s t r u c t e d for the s tudy of the f l u i d - b e d c h l o r i n a t i o n - f l u o r i n a t i o n 
p r o c e s s wi th h igh ly i r r a d i a t e d u r a n i u m - Z i r a c l o y or u r a n i u m - a l u m i n u m 
a l l oy fuel m a t e r i a l s ( s e e P r o g r e s s r e p o r t for May 1964, A N L - 6 9 0 4 , p . 89). 



70 

The tests involving processing of i r radiated fuel are intended to define 
clearly the disposition of fission products and the total decontamination 
achieved in the process . The facility has been designed for complete r e 
mote operation and maintenance of all equipment components. The facility 
consists of a ly-in.-dia fluid-bed reactor and a packed-bed filter with 
associated equipment for the containment of volatile chlorides and the 
uranium hexafluoride produced in the process . 

Pr ior to installing the facility in the Senior Cave of the 
Chemical Engineering Division, shakedown runs with unirradiated alloys 
of uranium in either Zircaloy or aluminum were car r ied out. The fuel 
charges were reacted first with hydrogen chloride and then with elemental 
fluorine. Operation of the equipment was considered satisfactory, although 
several minor modifications were made prior to the final cold runs. These 
tests demonstrated that high uranium recover ies could be achieved in this 
facility and that essentially all the uranium charged could be accounted for. 

Following these runs, the facility was installed in the 
Senior Cave. Tests with i rradiated mater ia l s are now underway. The 
first two experiments will be with a 4 w/o uranium-Zircaloy alloy which 
has been irradiated to about 50% burnup and cooled for about 5 yr . 

2. General Chemistry and Chemical Engineering 

a. Preparation of Uranium Monocarbide. The fluid-bed preparation 
of uranium monocarbide by hydriding uranium has been continued. Uranium 
metal is hydrided at 250°C for about 4 hr to form par t ic les suitable for 
fluidization and then the part icles are fluidized with a propane-hydrogen 
mixture for 2 to 5 hr at 500-700°C. A velocity of 0.25 f t /sec for the fluidiz
ing gas and hydrogen concentrations of 10, 20, 70, or 80 v/o in the fluidizing 
gas mixture have been utilized in seven recent runs. The resul ts a re en
couraging since the UC product from a run with a 30 v/o C3H8-7O v/o H^ 
mixture contained 5.3 w/o carbon, and the UC product from a run with a 
20 v/o CjHg-SO v/o H2 mixture contained 3.2 w/o carbon. It appears that 
stoichiometric UC (containing 4.8 w/o carbon) can probably be obtained by 
control of the temperature, the reaction time, and the hydrogen concentra
tion in the gas. 

^' Determination of the Crit ical Constants of Alkali Metals. The 
critical constants of alkali metals have been estimated but not measured. 
The critical constants of a metal can be used for calculating or estimating 
many thermodynamic and physical propert ies of the metal . Thermodynamic 
properties of alkali metals are of part icular interest because these metals 
are used as heat-exchange media. 

Work to determine the cr i t ical constants of alkali metals has 
started. The initial measurements are being made on cesium. Densities 
of the vapor and liquid phases of cesium (containing radioactive Cs'^^) a re 
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be ing m e a s u r e d f r o m r o o m t e m p e r a t u r e up to i t s c r i t i c a l point by m e a s u r e 
m e n t s of the g a m m a r a d i a t i o n e m a n a t i n g th rough the c o l l i m a t o r ho l e s which 
ex tend f r o m the vapo r and l iquid r e g i o n s of the a lka l i m e t a l held wi th in a 
s m a l l c a p s u l e ( s ee F i g u r e 16). As the c r i t i c a l point i s a p p r o a c h e d , the 
d e n s i t i e s , and t h e r e f o r e the g a m m a a c t i v i t i e s e m a n a t i n g f r o m the v ap o r 
and l iquid r e g i o n s a p p r o a c h each o t h e r . A p r e l i m i n a r y value for the c r i t i 
ca l t e m p e r a t u r e of c e s i u m is about 1700°C, but add i t iona l r u n s will be r e 
q u i r e d to ob ta in a m o r e r e l i a b l e value and to r e s o l v e a n o m a l i e s . 

_HOLES FOR TEMPERATURE COLLIMATION 
HOLES 

ALKALI METAL IN Mo-30 w/o W CAPSULE HAVING 

3 /16- in . ID., l - i n , INSIDE LENGTH, AND 2 0 - m i l WALL. 

Figure 16. Apparatus for Determining Critical Constants 

3. C h e m i c a l - M e t a l l u r g i c a l P r o c e s s Studies 

a. C h e m i s t r y of Liquid M e t a l s . 

(i) T h e r m o d y n a m i c s of R a r e E a r t h - C a d m i u m S y s t e m s . The 
t h e r m o d y n a m i c s of r a r e e a r t h - c a d m i u m i n t e r m e t a l l i c s y s t e m s a r e being 
s tud ied by the effusion me thod . To compu te the t h e r m o d y n a m i c p r o p e r t i e s 
of a l l the c o m p o u n d s in a g iven s y s t e m f rom vapor p r e s s u r e da ta , it i s 
n e c e s s a r y to know the d e c o m p o s i t i o n p r e s s u r e s in a l l t w o - p h a s e r e g i o n s . 
P r e l i m i n a r y da t a have b e e n ob ta ined for the d e c o m p o s i t i o n p r e s s u r e s in 
the t w o - p h a s e r e g i o n s S m C d - S m , GdCd-Gd, and T b C d - T b . Low d e c o m p o s i 
t ion p r e s s u r e s (10"^ to 10"^ T o r r ) w e r e found in these s y s t e m s . 

(ii) T h e r m o d y n a m i c s of Hydr ide F o r m a t i o n f rom Dilute Solu
t ions of P l u t o n i u m and U r a n i u m in Liquid C a d m i u m . An inves t iga t ion of the 
t h e r m o d y n a m i c s of s y s t e m s which c o n s i s t of h y d r o g e n , a so lvent m e t a l such 
a s c a d m i u m or z inc , and a so lu te m e t a l (a r a r e e a r t h or ac t in ide) h a s begun. 
The r e a c t i o n to be s tud ied is 

3 /2 H2 (g) + M (in soln) ^ MH3 (s) . 
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This reaction v/ould be useful for reducing the concentration of solute in a 
solution or for determining thermodynamic propert ies by relating equilibri
um pressures to solute concentrations. 

Calculations have been made of the equilibrium uranium and 
plutonium concentrations in liquid cadmium in the presence of hydrogen at 
high pressure . It was calculated that at 400°C and a hydrogen pressure of 
about 100 atm, the equilibrium concentration of uranium is 20 ppm and that 
of plutonium is about 1.4%. Apparatus to study these reactions at p ressures 
of about 100 atm is being constructed. 

4. Calorimetry 

A second series of seven combustions of tantalum diboride in fluo
rine has been completed to obtain information on AEj-jig^^k' ^^^ sum of the 
energy of expansion of fluorine from the tank of the two-chamber reaction 
vessel into the combustion chamber and the energy of the subsequent r e 
action of fluorine with moisture in the combustion chamber. 

In the first ser ies (see Progress Report for July 1964, ANL-6923, 
p. 73), the precombustion procedure was to place a sample in the combus
tion chamber, evacuate overnight, charge the bomb with 200 mm of BF3 to 
remove moisture, and perform the combustion without removing the BF3. 
A value of 12.6 cal per run for AE ĵĝ ĵ ĵ  was obtained. 

In the second ser ies , the bomb was washed with water to remove 
TaFj following a run; the bomb was then dried, prefluorinated with 1200 mm 
F2 at 110°C to remove adsorbed moisture, evacuated, and opened in a dry 
box for insertion of a new sample. In this se r ies , AÊ ĵ̂ ĝ ĵ̂  was 0.4 to 
5.0 cal per run. Prel iminary calculations of the data from the second series 
indicate that values of the energy of combustion will agree with the resul ts 
for the first ser ies of runs when the appropriate AEj^j^^j^ correct ion values 
are used. 

Eight calorimetric combustions of lanthanum and eight of nickel in 
fluorine have been carr ied out. The results of the combustions are being 
evaluated. 

Five calorimetric combustions of red phosphorus in fluorine have 
been completed. The studies of the combustion of phosphorus are being 
made to obtain data necessary for the determination of the enthalpy of for
mation of uranium monophosphide. The preliminary value for the enthalpy 
of formation of PF5 is -376.6 kcal mole" ' . This may be compared with a 
value of -377.2 + 0.8 kcal mole" ' for the enthalpy of formation of PF5 ob-
tained by Gross et al.,17 who burned white phosphorus in fluoride. 

Nuttall,R. L., Wise, S., and Hubbard, W. N., Rev. Sci. Instr. 22., 1402(1961). 

Gross, P.,.et ai . . Fulmar ResearchIns t i tu teRepor tR146/4 /23 (Nov I960), 
Unpublished. 
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H. Plutonium Recycle Program 

1. Physics Calculations 

The THERMOS code is still in the process of being modified (see 
P rogres s Report for October 1964, ANL-6965, pp. 82-83). The code, when 
used with the CDC 3600 computer, permits 50 speed points, the use of 
either cylindrical or slab geometry, and 25 isotopes edited in the spectrum 
as determined by the problem. Further modifications are underway which 
will resul t in pointwise and various integral results for values of 2f, v'E.r, 
and 2^^. These modifications will convert THERMOS to a general-purpose 
thermal-group cross-sect ion-generat ing code which will be used to replace 
the SOFOCATE code. 

THERMOS will be used to support the EBWR experimental program 
in comparing the measured and calculated isotopic changes that occur as 
the system is i r radiated. 

The Nelkin scattering kernel code, GAKER, has been recompiled 
so that the user is relieved of the responsibility of generating the temperature-
dependent pa ramete r s used in the calculation. Since the Nelkin kernel is 
generally believed to provide the best available representation for scat ter
ing in water, GAKER will normally be used with THERMOS calculations 
to analyze the EBWR performance. 
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IV. ADVANCED SYSTEMS RESEARCH AND DEVELOPMENT 

A. Argonne Advanced Research Reactor (AARR) 

1. Fuel and Core Design 

Fabrication of the irradiation test samples under Phase II of the 
verification studies for the fuel-fabrication process with Martin Company 
and Battelle Memorial Institute has been completed. Samples for i r r ad i 
ation in the ETR G-12 will be shipped to Idaho after the necessary exami
nations have been made at ANL. 

The fuel-element brazing program with Pyromet Company has 
resulted in improvements in the work reported ear l ie r . Extended post-
braze cooling has virtually eliminated all distortion in the assembly, thus 
confirming the choice of the close dimensional tolerances originally 
selected as nominal working tolerances. Modifications in jigging and in 
the application of braze compound has improved the quality of the brazed 
joints. 

2. Heat Transfer 

The experimental AARR steady-state heat transfer program was 
initiated in June 1964 to determine the maximum power conditions for the 
AARR fuel assembly and to measure voids in the flow channels. 

Electrically heated nickel test sections, composed of a single r e c 
tangular flow channel, are being used. The single-channel test section 
will be investigated experimentally by measuring p ressu re drop, void, and 
flow characteris t ics of a single channel only. Experiments will also be 
conducted in which the test section will have a paral lel bypass flow about 
nine times that of the single-channel test flow rate . These tests constitute 
the parallel-channel tests and are intended to simulate AARR operating 
conditions. 

The single- and parallel-channel tes ts require two separate loops, 
but use the same power supply. The loops have been built and have been 
subjected to a shakedown period in which the test section, loop equipment, 
instrumentation, and operating procedures have been studied. 

The preliminary testing began during this period with a 22-in. long, 
uniform, axial heat flux in the test section with a flow channel, 
0.040-in. thick, 1.25-in. wide, and a heated length of 18 in. The loops 
have operated satisfactorily, and improvements in instrument reliability 
and operational technique have resulted. 

The two main areas of concern have been with the location and 
adjustment of the burnout detector and with the channel spacing. The 



shakedown period involved periodic measurements of the channel space 
after power conditions had been applied to the test section. It was noted 
that the nominal channel spacing of 0.040 in. had decreased near the exit 
to below 0.025 in. The prel iminary single-channel test program was 
continued to check the burnout detector in spite of this problem. Con
stant flow rate , inlet temperature , and exit p ressure were applied, and 
the power raised in small steps. Burnout of the test section occurred 
because of difficulties with the burnout detector. 

The single-channel test conditions achieved at burnout which oc
curred 3/8 in. from the exit in spite of the decrease in channel space 
were; 

Exit p re s su re , psig 600 

Inlet velocity, ft /sec 51.2 

Inlet water temperature , °F 147 

Exit water temperature , °F 153 

Average heat flux, B/hr-ft^ 4.06 x 10^ 

Total power, kW 372 

A pre l iminary est imate of the cri t ical heat flux based on the Zenkevich-
Subbotin correlat ion gave 4.18 x 10*' B/hr-ft^. A prel iminary estimate of 
flow instability indicated 362 kW would cause failure. 

The difficulty with the burnout detector will be corrected and the 
channel space decrease , believed caused by the method of attaching the 
thermocouple, will be corrected. 

3. Cri t ical Experiment 

Experimentation continued with the fuel loading (see P rogres s Re
port for October 1964, AISfL-6965, p. 85) consisting of 315 fuel foils of 93% 
enriched uranium weighing approximately 54.7 g each. The metal- to-water 
ratio is 1:1 in the fuel zone. Dimensions of the internal thermal column 
(ITC), fuel region, and 90 v /o-10 w/o beryl l ium-Plexiglas radial reflector 
may be seen in Figures 17, 18, and 19. 

Foil activation t r ave r se s shown in Figure 17 indicated an ITC peak 
approximately eleven t imes the maximum, or seventeen times the mid
plane (two-dimensional) average activation in the coolant channels. The 
radial t r a v e r s e s were taken at the level of a layer of Plexiglas in the 
beryl l ium-Plexiglas radial reflector. This layer was 3.2 cm below the 
midplane and 1.14 cm thick, being sandwiched between 1 0. l6-cm-thick 
beryll ium layers . Foils were located in coolant channels in the fuel zone. 



Figure 17. U-Al Vertical Activation Traverses Figure 18. Mn Radial Activation Traverses 
(for location of foils see Figure 19) 
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OMITTED ON CADMIUM 

COVERED IRRADIATION 

NOTE: 

1. FOILS AT 3.2 c» 

BELOW CORE MIDPLANE 

2. DIAGRAM NOT TO SCALE 

Figure 19. Foil Placement for Mn Radial Activation Mapping 

F o i l t r a v e r s e s in the v e r t i c a l d i r e c t i o n a r e shown in F i g u r e 17, 
which a l s o shows the l o c a t i o n s involved. The ax ia l ( iTC) loca t ion was the 
m o s t a c t i v e , and the p e r i p h e r a l (safe ty b lade) loca t ion was about o n e - s i x t h 
a s a c t i v e . 

C a d m i u m r a t i o s w e r e t aken with gold, c o p p e r , d y s p r o s i u m , ind ium, 
m a n g a n e s e , and 93% e n r i c h e d u r a n i u m foils with 0 . 0 5 - c m - t h i c k c a d m i u m 
c o v e r s . T h e s e foi ls w e r e i r r a d i a t e d n e a r the loca t ion of m i n i m u m 
c a d m i u m r a t i o shown in F i g u r e 18 with the r e s u l t s g iven in Tab le XIX. 

Table XIX. AARR Fuel Zone Cadmium Ratios 

M a t e r i a l 

A u 

C u 
3.7 w / o Dy-Al 
In 
90 w / o Mn-Cu 
17.5 w / o U-Al 

D i m e n s i o n s 

D i a m e t e r 

0.818 
0.818 
0.818 
0.818 
0.818 
0.818 

(cm) 

Th i cknes s 

0.003 
0.005 
0.013 
0.003 
0.006 
0.005 

Cadmiurr 

1.25 + 
2.2 ± 

11.3 ± 
1.32 ± 
2.5 ± 
3.5 + 

1 Rat io 

0.C3 
0.1 

1.0 

0.04 
0.2 

0.3* 
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The e s t i m a t e d p r o m p t n e u t r o n l i f e t ime (l) of the r e a c t o r was 
38.8 X 1 0 " ' s e c , b a s e d on a m e a s u r e d va lue of R o s s i a l ° and a c a l c u l a t e d 
value (p = 7.26 x 10"^) of the effect ive d e l a y e d - n e u t r o n f r ac t ion . The m e a s u r e d 
va lues of a = ^/H w e r e 187 ± 8 and 187 + 5 us ing 40- and 80-/.isec channe l 
widths , r e s p e c t i v e l y , in a 4 0 0 - c h a n n e l t i m e a n a l y z e r which r e c o r d e d output 
of one f i s s ion c h a m b e r af ter the o the r s t a r t e d the t i m e r . 

A m e a s u r e m e n t of the void coeff ic ient gave -0 .16% r e a c t i v i t y p e r 
p e r c e n t void f r ac t ion of coolant . Wa te r was d i s p l a c e d f rom coo lan t 
channels by Teflon s t r i p s which w e r e d i s t r i b u t e d th rough a r e p r e s e n t a t i v e 
por t ion of the c o r e . The Teflon was w i t h d r a w n r e m o t e l y du r ing r e a c t o r 
ope ra t ion and the r e s u l t i n g r i s i n g p e r i o d was m e a s u r e d . The me thod was 
shown to give r e a s o n a b l e a c c u r a c y dur ing e a r l i e r e x p e r i m e n t s with the 
AHFR C r i t i c a l E x p e r i m e n t . 19 

Danger coeff icient m e a s u r e m e n t s w e r e m a d e with fuel, m o d e r a t o r , 
con t ro l m a t e r i a l s , and bu rnab l e po i sons , in s m a l l s a m p l e s . The da ta a r e 
being analyzed . 

Ca l ib r a t i ons of c o n t r o l b l ades by s u b c r i t i c a l m e t h o d s w e r e i n t e r -
c o m p a r e d for the i m m e d i a t e p u r p o s e of e s t i m a t i n g the w o r t h of the c o n t r o l 
e l e m e n t s , but with a l o n g - r a n g e i n t e r e s t in the a c c u r a c y of the v a r i o u s 
me thods . Since a l a r g e n u m b e r (12) of c o n t r o l e l e m e n t s a r e a v a i l a b l e , it 
is impor t an t to m e a s u r e the i r effect as a g r o u p , a s wel l a s ind iv idua l ly . 
The only s a t i s f a c t o r y me thod eva lua t ed at th is t i m e is the u s e of a c o m 
puter code R-102 ( Inve r se K ine t i c s ) . This p r o c e d u r e g ives c o n s i s t e n t 
r e s u l t s within about 2% of the to ta l wor th , and the o the r m e t h o d s v a r y by 
2 5% or m o r e . The code a p p e a r s to be c o m p a t i b l e with the a v a i l a b l e equ ip 
ment and the e x p e r i m e n t but has not ye t b e e n e v a l u a t e d for use with 
mul t ip le or g rouped c o n t r o l e l e m e n t s . The wor th of a s ing le c o n t r o l b lade 
has been m e a s u r e d at 1.77% ± 0.03%. 

G a m m a hea t ing by use of m a n g a n e s e - a c t i v a t e d CaF2 p h o s p h o r is 
being m e a s u r e d to p e r m i t e s t i m a t e s of r e f l e c t o r cool ing r e q u i r e m e n t s and 
beam tube des ign . Although L i F is c o m m o n l y u s e d for th i s p u r p o s e , the 
neu t ron ac t iva t ion of L i ' in the c r i t i c a l e x p e r i m e n t was c o n s i d e r e d p r o 
hibi t ive . R e a c t o r t r a v e r s e s have been m a d e and s a m p l e s a r e awai t ing 
m e a s u r e m e n t . 

ISKaram, R. A., Measurement of Rossi-Alpha in Reflected Reactors. Trans. Am. Nuclear 
Soc. 7, No. 2, 283 (Nov 1964). 

DeVtlhers, J. W. L. (Ed.), Critical Experiments for the Preliminary Design of the Argonne 
High Flux Reactor. ANL-6357, p. 41 (June 1961). 



B. Magnetohydrodynamics (MHD) 

1. MHD Power Generation - Jet Pump Studies 

Information pertinent to a liquid metal design concept utilizing 
mercury-potass ium alloy as the working fluid has been collected. This 
design concept will be directed toward the employment of a jet pump circuit 
in a liquid metal topping cycle for a central station reactor . 

C. Regenerative Emf Cells 

1. Bimetallic Cells 

a. Sodium-Bismuth Cell Studies. Investigation of the solubility of 
NajBi in the ternary eutectic 53.2 m/o NaI-31.6 m/o NaCl-15.2 m/o NaF 
has continued. This eutectic is being considered for possible use as the 
electrolyte for the sodium-bismuth cell. Prel iminary solubility results 
(see P rogres s Report for October 1964, ANL-6965, p. 90) were thought to 
be high because of sampling difficulties. 

In the present experiments samples were taken after filtering 
the electrolyte through a tantalum frit to eliminate any solid particles of 
NajBi which might be present as a result of temperature cycling of the 
melt. By means of this technique, the scatter of the experimental points 
was reduced. The average sodium-to-bismuth ratio in the eutectic was 
2.97 ± 0.03 as determined from bismuth and sodium analyses of 16 filtered 
samples. The solubility of Na3Bi in the ternary eutectic ranged from 
1.2 m/o at 552°C to 8.5 m/o at 839°C. The solubility of NajBi at the pro
posed temperature of cell operation (~550°C) is not regarded as being pro
hibitively large. Additional experiments are planned to determine the 
solubility of nonstoichiometric sodium-bismuth intermetallic species in 
the ternary eutectic. 

b. Vapor-Liquid Equilibrium Studies in the Sodium-Bismuth 
System. An ebuUiometer has been constructed for the purpose of measuring 
total vapor p re s su res over Na-Bi alloys at various compositions and tem
pera tures . This is part of an experimental program to obtain vapor-liquid 
equilibria data for the high-temperature portion of the regenerative cell 
cycle. In the ebuUiometric apparatus, a sample of the molten alloy of 
interest is heated to the boiling point, and a mixture of liquid and vapor is 
t ransfer red by means of a Cottrell pump through an orifice into the chamber 
where the vapor-liquid equilibrium is established at a particular experi
mental p res su re . The equilibrium temperature is measured by a thermo
couple set in a well in such a position that the liquid-vapor mixture contacts 
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it immediately upon entering the chamber. The p ressu re in the system 
is maintained by a Cartesian manostat. 

The performance of the apparatus was tested by measuring 
the vapor pressure of pure sodium. No bumping was observed during 
heating of the sodium, and the apparatus operated satisfactorily. Experi
mental results extrapolated to 760 mm gave a normal boiling point of 
1153.7°K for pure sodium. This value is in good agreement with the 
generally accepted l i terature values. Now in progress is an experiment 
to determine the vapor pressure of an alloy of Na-10 a /o Bi. 

c. Engineering Material Study. Dynamic corrosion studies of 
liquid bismuth on low carbon steel are being continued. A thermal con
vection loop containing bismuth was put into operation with a hot-leg 
temperature of 850°C and a cold-leg temperature of 450°C. (The prepara
tory de-scaling procedure used for the loop was described in the Progress 
Report for October 1964, ANL-6965, p. 90.) 

After 43 0 hr of operation, a leak developed in the hot leg. The 
loop was sectioned and the sections examined microscopically. The attack 
of the low carbon steel by bismuth was greates t at the entrance to the hot 
leg of the loop, where the temperature gradient was largest . Extensive 
mass transfer was noted; loose aggregates of metallic crys ta ls were found 
in the general area of the entrance to the cold-leg section. Although low 
carbon steel is still being considered for a container mater ia l for the cell 
itself, it is evident that other high-temperature mater ia l s , part icularly 
refractory metals, must be investigated as possible mater ia ls of construc
tion for the regenerator. Molybdenum-30 w/o tungsten is being con
sidered as the first refractory metal alloy to be tested. 

D. Thermionic Conversion 

1 • Comparison of Dc and Rf Power Output 

In recent experiments, light bulbs were used to indicate the rf-power 
output by comparing its brightness with a test bulb heated by dc power. 
In previous experiments the power was determined by observing the rms 
voltage across an inductance-free res is tance . Since some of the rf output 
comes in short pulses, the use of the rms meter and res is tance to measure 
output could be inaccurate. The resul ts with the bulbs indicate that the 
rf-power output is higher than previously obtained.20 

Results obtained with the cesium cell a re given in Table XX. The 
ratio of rf/dc power output r i ses above 20% and, as expected, the rf-power 
maxima occur when the load on the dc output approaches zero and is 
highest for a 2-mm emit ter-col lector separation distance. The rf-power 
output IS also influenced by the emit ter temperature and cesium p r e s s u r e . 

20 ~ ' ' 
AMU-ANL Conference on Direct Energy Conversion. Nov 4-5. 1963. ANL-6802,pp. 132-141. 
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Table XX. Power Output from the Cesium Diode 

Emitter 
Temperature , "̂K 

2082 
2206 
2240 

2279 
2270 
2394 
2354 

2284 
2268 
2380 

(Js Pres su re , 
mm Hg X 

3.6 
3.6 
3.6 

1.5 
1.5 
2 . 5 
2 . 5 

8 
8 
8 

10^ 

Cs Atom 
Density, 

(atoms/cm^) x 10"'^ 

6.3 
6.3 
6.3 

3.2 
3.2 
5.5 
5.5 

20 
20 
20 

Emit ter-
Collector 
Distance, 

m m 

2 
2 
1 

2 
1 
2 
1 

2 
1 
2 

dc 
Power, 

mW 

50 
200 
300 

460 
500 

1000 
930 

310 
500 
900 

r£ 
Power, 

mW 

6 
35 
10 

115 
23 

190 
? 

44 
25 
95 

rf/dc 
Power 

Ratio, % 

12 
17.5 

3.3 

25 
4 .6 

19 
•? 

14 
5 

10.5 

2. Rf-voltage Pulses 

It was previously observed'^'^ through the use of an oscilloscope that 
the peak-to-peak voltage of the short pulses exceeded the 5-7-V level. 
Recent investigations showed these peak-to-peak voltages exceeded 17 V. 
The resul ts are shown in Table XXI. 

Table XXI. Peak- to-Peak and Amplitude Voltages of Short Pulses 
from the Cesium Diode at a Cesium Pres su re of 

3.6 X 10-^ mm Hg 

Temperature 
of Emitter , 

°K 

2082 
2206 
2240 

Emit ter -
Collector 
Distance, 

mm 

2 
2 
1 

P-P-V 

7.5 
17.5 
11.0 

0(dc) 
AMPL-V 

15 
8 

Voltage on Collector. 

P -P-V 

5 
12 
10 

l(dc) 
AMPL-V 

10 
7 

v 
2(dc) 

P -P -V AMPL-V 

4 



V. NUCLEAR SAFETY 

A. Thermal Reactor Safety Studies 

1. Metal-Water Reactions 

a. High-temperature, High-pressure Furnace. In order to evaluate 
the effect of pressure on the reactions of steam with various mater ia ls of 
interest, a high-temperature, high-pressure furnace has been constructed 
(see Figure 20) and is now in operation. The furnace is capable of operating 
at pressures up to 1000 psi. The internal, steam-filled zone is wholly sur
rounded by an alumina tube which can be heated to 1700°C or higher by ex
ternal molybdenum resistance wires. The external zone is argon-filled, and 
the pressures in the two zones are automatically matched to avoid s t resses 
on the alumina tube. At the start of an experiment the sample is elevated 
from a moderate temperature zone (~800°C), where the rate of reaction with 
steam is negligible, into the high-temperature zone. Upon completion of the 
experiment, the sample is lowered to its initial position in the moderate 
temperature zone. 

STEAM AND Hy 
OUT 

MOLYBDENUM 
HEATER 

STEAM ZONE -

SAMPLE IN HIGH-
-TEMPERATURE 

ZONE 

SAMPLE IN LOW-
- TEMPERATURE 

ZONE 

- ALUMINA TUBE 

6 In. 

CRANK TO 
' RAISE SAMPLE 

The h y d r o g e n g e n e r a t e d 
by r e a c t i o n of the s a m p l e with s t e a m 
is r e m o v e d con t inuous ly f r o m the top 
of the s t e a m zone, a long with some 
u n r e a c t e d s t e a m . The r a t e of r eac t ion 
is d e t e r m i n e d by m e a s u r i n g the r a t e 
of hydrogen evolut ion; the extent of 
r e a c t i o n is d e t e r m i n e d by m e a s u r i n g 
the t o t a l amoun t of hydrogen evolved. 

In the f i r s t e x p e r i m e n t 
conduc ted in th i s fu rnace , a 200-mg 
s a m p l e of 1 5 - m i l z i r c o n i u m w i r e was 
r e a c t e d with s t e a m at a p r e s s u r e 
s l igh t ly above a t m o s p h e r i c and at a 
t e m p e r a t u r e of 1450°C. The weight 
ga in of the s a m p l e ind ica ted s t o i c h i 
o m e t r i c c o n v e r s i o n to Z r O j . A 
vo lume of h y d r o g e n c o r r e s p o n d i n g to 
99.2% m e t a l - s t e a m r e a c t i o n was co l 
l ec t ed ove r a p e r i o d of 90 min . It is 
be l i eved tha t the r a t e of hyd rogen 
c o l l e c t i o n was p r o b a b l y l i m i t e d by 
the low s t e a m flow r a t e . 

Figure 20. High-pressure Furnace for Studies of 
Molten Metal-Steam Reactions 

The second e x p e r i m e n t 
was d e s i g n e d to s i m u l a t e the 
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environment of a loss-of-coolant 
ber of high-density UO2 pellets c 

II 

accident. The sample consisted of a num-
lad with Type 304 stainless steel. The 

27-mil cladding was closed at both 
ends to form a can about 3/8 in. in 
diameter by 8 in. long. The sample 
was raised at the rate of 1 in. /min 
over a total stroke of 8 in. to the 
highest position possible in the fur
nace. The upper end of the sample 
reached a maximum temperature of 
1500°C; the lower end, a maximum 
of 890°C. The steam pressure in the 
furnace was slightly above a tmos
pheric. The fuel pin was kept in 
position for 180 min. The amount of 
hydrogen evolved corresponded to a 
reaction of about 62% of the stainless 
steel, most ot the reaction occurring 
during the first 90 min. 

In Figure 21 the sample 
fuel rod after removal from the fur
nace is compared with an unreacted 
fuel rod. The appearance of the r e 
acted sample shows that relatively 
little reaction occurred at the lower 
temperature , and that extensive 
stainless steel reaction and foaming 
occurred in the region of the clad
ding where the temperature was be
tween about 1400 and 1500°C. The 
spongy mass at the top of the fuel 
rod is probably the remains of the 
relatively thick ( l /4 in.) top end cap. 
Several of the upper UO2 pellets were 
very nearly bared of cladding. Visual 
examination of these UO2 pellets in
dicated extensive cracking and de
terioration. Further examination 
of the UO2 pellets will be made by 
chemical and X-ray diffraction 
analyses. 

1 

Figure 21. Type 304 Stainless Steel-clad UO2, 
Simulated Fuel Rod after Exposure 
to Steam (ISOQOC and 15 psig) in 
High-pressure Furnace 

b. S c a l e - u p E x p e r i m e n t s 
in T R E A T . A p r o g r a m h a s been 
in i t i a t ed to s tudy m e t a l - w a t e r r e a c 
t i ons u n d e r cond i t i ons s i m u l a t i n g 
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a power excursion incident in a typical bundle of reactor fuel elements. In 
all preceding experiments, only single fuel pins were used. The present 
series of experiments will utilize approximately 100 t imes as much fuel as 
previous studies. The types of fuel elements which will be subjected to 
TREAT transients include uranium rods and stainless steel-clad and 
Zircaloy-clad UO2 fuel rods. A schematic diagram of the scale-up auto
clave for these experiments is shown in Figure 22. 

TOP onifKn nrriNe 

utenOKH. RECEPraCLC ft SUPPMT rmine 

Figure 22 

Scale-up TREAT Metal-
Water Autoclave 
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The f i r s t two e x p e r i m e n t s , with 20% e n r i c h e d u r a n i u m fuel r o d s , 
h a v e b e e n c o m p l e t e d . T a b l e XXII s u m m a r i z e s cond i t ions of the e x p e r i m e n t s 
and r e s u l t s a v a i l a b l e . In C E N - 1 9 6 - S , c o m p l e t e me l tdown of the s u b a s s e m b l y 
o c c u r r e d and r e s u l t e d in 10.7% m e t a l - w a t e r r e a c t i o n . The au toc l ave f r o m 
C E N - 1 9 7 - S h a s not yet b e e n d i s a s s e m b l e d ; howeve r , a g r e a t e r d e g r e e of 
f r a g m e n t a t i o n of the fuel i s e x p e c t e d f rom the m o r e e n e r g e t i c t r a n s i e n t . An 
i n t e r e s t i n g and p o s s i b l y s ign i f ican t f e a t u r e of the second e x p e r i m e n t was 
t he fact t h a t t he r e a c t o r p o w e r - t i m e r e c o r d ind ica ted that a change in r e a c 
t iv i ty of the T R E A T r e a c t o r had o c c u r r e d . Th i s p e r t u r b a t i o n is be l i eved to 
h a v e b e e n c a u s e d by the change in the g e o m e t r y of the t e s t s u b a s s e m b l y 
d u r i n g m e l t d o w n . 

T a b l e XXII. T R E A T M e t a l - W a t e r S c a l e - u p 
E x p e r i m e n t s with U r a n i u m 

Cond i t ions : 1. S u b a s s e m b l y c o n s i s t e d of 9 u r a n i u m 
r o d s in a s q u a r e c l u s t e r on 5 / 8 - i n . 
c e n t e r s with 3 r o w s of 3 e l e m e n t s pe r 
row. E a c h fuel pin was 0 .2 - in . in 
d i a m e t e r by 5|- in. long and was 20% 
e n r i c h e d with U"^. The to t a l weight 
of the 9 e l e m e n t bundle was 490 g. 

2. F u e l s u b a s s e m b l y s u b m e r g e d in d i s 
t i l l ed w a t e r in i t i a l ly at a m b i e n t 
r e a c t o r t e m p e r a t u r e , ~25°C. 

3 . 20 p s i a h e l i u m a t m o s p h e r e above 
the w a t e r . 

R e a c t o r C h a r a c t e r i s t i c s 

I n t e g r a t e d P o w e r , M W - s e c 
P e a k P o w e r , MW 
R e a c t o r P e r i o d , m s e c 

T R E A T - C E N T r a n s i e n t No. 

196-S 

91 
255 
157 

197-S 

222 
361 
140 

R e s u l t s 

P e a k P r e s s u r e R i s e , p s i 
M a x R a t e of P r e s s u r e R i s e , p s i / s e c 
E s t i m a t e d E n e r g y Input, c a l / g U 
%o of U r a n i u m R e a c t e d with Wate r 
A p p e a r a n c e of C l u s t e r a f te r T r a n s i e n t 

65 
50 

10.7 
Mel ted into two 
l a r g e i r r e g u l a r l y 
shaped m a s s e s p lus 
s o m e f r a g m e n t s 
and p a r t i c l e s . 

570 
2150 



c. Short-period Transient Irradiations. Preparat ions have been 
completed for the metal-water experiments which will be conducted during 
the Kiwi-TNT test, a planned single, short-period (0.5 msec) excursion 
during which it is expected that the Kiwi reactor will be destroyed. The 
destructive test is to be conducted as a part of the Los Alamos Rover pro
gram in the early part of January 1965 at the Nuclear Rocket Development 
Station at Jackass Flats, Nevada. Twenty-four autoclaves have been loaded, 
leak-checked, and sent to the Nevada test site. Each autoclave (enclosed in 
a secondary capsule which will serve as a blast shield) contains a fuel spec
imen submerged in water beneath a helium atmosphere. Six specimens of 
four different types of fuels will be used: (i) Zircaloy-2-clad, U02-core 
pins; (ii) Type 304 stainless steel-clad, U02-core pins; (iii) uranium-
5 w/o zirconium-1.5 w/o niobium alloy pins; (iv) uranium-aluminum plates 
of the SPERT type. The autoclaves will be mounted in positions external 
to the reactor at various distances from the core so that the fuel specimens 
will be exposed to a range of neutron energies during the destructive 
transient. 

2. Metal Oxidation-Ignition Studies 

a. Ignition Studies of Irradiated Uranium. Studies of the oxidation 
of irradiated uranium were resumed briefly in order to clarify resul ts of 
previous experiments in which no definite ignition in air was observed for 
irradiated specimens (see P rogress Report for September 1964, ANL-6944, 
p. 85). In the present experiments thermocouples were imbedded in holes 
drilled in two irradiated specimens and one thermocycled, unirradiated 
specimen to obtain better thermocouple contacts than were obtained in the 
earlier experiments. Temperature- t ime t races obtained by the burning-
curve method showed greater self-heating and spontaneous thermocycling 
(i.e., a greater oxidation rate) at about 400°C for the irradiated specimens 
than for the control sample. However, no c lear-cut evidence of ignition 
was observed for either type sample in these experiments. No further ex
perimental work on this problem is being planned. 

B. Fast Reactor Safety Studies 

1- Transient Tests with Uranium Sulfide 

Transient high-temperature experiments have been performed to 
study the behavior of uranium sulfide fuel specimens under meltdown con
ditions. The fuel, compacted to 96% of theoretical density, contained 
approximately 2.5% UO2 and 3.5% UOS. It was prepared in short pellets, 
of 0.381-cm diameter, and stacked to a height of about 19 cm. Two sam
ples, each in a W-26% Re metal tube of nominal 0.07-cm wall thickness, 
were run in TREAT under irradiation conditions summarized in Table XXIII. 



87 

Table XXIII. Conditions of Irradiation of Uranium Sulphide 

Sample Test 

TREAT Energy Maximum 
Release, Cladding Surface 

Estimated 
Maximum 

Central Fuel 
MW-sec Temperature, "C Temperature , 

1 1 

1 2 

1 3 

95 

130 

195 

1115 

1310 

1965 

1850-2100 

2300-2462 

melted 

242 

243 

2160 

2180 

;lted 

sited 

*Melting point of uranium sulfide is 2462°C 21 

After testing, both US samples were examined and had a "cast" type 
appearance. The fuel had cracked away from the cladding, apparently in 
cooling, forming an i r regular separation of the order of 0.01 mm. No 
cladding failures were observed. Visual evidence from motion pictures 
taken during the experimental runs indicated that fuel mater ia l flowed in
side the cladding during experiments 3, 4, and 5. No significant variation 
in fuel s t ructure was found between Sample No. 1 (one transient above the 
US melting point) and Sample No. 2 (two cycles above US melting point). 
However, both specimens displayed a variation in s t ructure along the sam
ple radius (see Figure 23). The fuel at the extreme edge (see Figure 23a) 
was almost entirely composed of large amounts of UOS (light grey) and 
possibly some UOj (dark grey) in a mat r ix composed of US grains. At a 
distance from the edge of about one-quarter of the cylinder radius (see 
Figure 23b), the UOS had migrated from the grain boundaries into the 
US grain in a direction normal to the edge. At a distance from the edge 
of one-half to t h r ee -qua r t e r s of the cylinder radius (see Figure 23c), less 
UOS was located at the grain boundaries and more dispersed within the 
matr ix . At the center of the cylinder (see Figure 23d), the UOS was d is 
tributed as a fine dispersion within the US grains . 

Some evidence of reaction between the fuel and cladding was observed 
in severa l a r eas . Intergranular cracks appeared in the cladding, but it was 
not cer ta in whether the alien phase located at the metal grain boundaries 
was due to a reaction with the fuel, or was a resul t of penetration of fuel into 
the c racks in the cladding. 

^'^Cater, E. David, The Vaporization, Thermodynamics, and Phase 
Behavior of Uranium Monosulfide, ANL-6140 (March I960). 
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Figure 23. Structure of US Samples after Irradiation 
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Calculations of the transient sample temperature were made with 
the ARGUS code in order to establish relationships between the measured 
cladding surface tempera tures and the experimentally unknown fuel tem
pera tu res , and to check for possible changes in thermal behavior. The 
the rma l conductivity of US was obtained by extrapolation of measurements 
covering approximately one-third of the temperature range of interest (see 
P r o g r e s s Report for May 1963, ANL-6739, p. 33). The specific heat for 
the US was 0.0466 cal /g-°C, a value obtained by analyzing experimental 
t empera tu re data from ear l ie r TREAT experiments on US. (An experimental 
out-of-pile measurement of 0.045 cal/g-°C has been reported at room tem
pera ture in P r o g r e s s Report for August 1964, ANL-6936, p. 51.) Values 
for the fuel-cladding interface conductance were obtained by making detailed 
comparisons of experimental and calculated delays between reactor power 
and cladding surface tempera ture , initial ra tes of cladding surface temper 
ature r i se , and cladding surface temperature curve shapes. Results of this 
compound analysis are given in Table XXIV. 

Table XXIV. Results of Temperature Analyses 

TREAT Energy Maximum Estimated Interface 
Release, Cladding Surface Conductance, 

Sample Test MW-sec Tempera tures , * °C W/cm^-°C 

1 1 95 1090, 1140 0.1-0.2 

1270, 1350 0.15-0.25 

1910, 2020 0.3-0.7 

1940, 2160 0.3-0.75 

1900, 2180 0.3-0.75 

*Two thermocouples . 

It may be noted that the three highest energy t rans ients showed an 
appreciably la rger span in maximum measured cladding t empera tu res . 
This may be purely "instrumental" or it may be associated with the spread 
of interface conductance (which could have resulted from extensive move
ment of molten fuel along the inside of the cladding). The low value of con
ductance for tes t 1 is consistent with resul t s of previous experiments; the 
tendency to increasingly higher values with higher energy t ransients is con
sistent with fuel movement resulting from the low US-UOS eutectic melting 
t empera tu re and from gross melting. 

1 

1 

2 

2 

2 

3 

4 

5 

130 

195 

242 

243 
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2. Analysis of Coolant Expulsion from Heated Channels 

A check of theoretical techniques for the analysis of transient p r e s 
sure generation and coolant expulsion from heated channels is being made. 
A set of simple transient expulsion tes ts was performed using water at at
mospheric pressure and comparatively low heating rates.22 The heating 
surface consisted of an EBR-II fuel tube, 0.442 cm in diameter, having an 
active length of 7.62 cm. Water was contained between the heater tube and 
a 1-cm-OD by 0.8-cm-ID Pyrex tube, 60 cm long. The fuel tube extended 
beyond the heated length in order to define the flow channel for the coolant 
during expulsion. 

The coolant expulsion was calculated on the basis of the following 
assumptions. It was assumed that the rate of r i se of the steam pressure 
can be calculated from the rate of temperature r ise of the tubing, and that 
the pressure acts on a cross-sect ional area equal to the coolant annulus. 
Delays existing between the onset of heating and the beginning of expulsion, 
and the details of expulsion beyond a distance equal to the heated length, 
are beyond the scope of the analytical model employed. Two power settings 
were used: 50.4 W and 207 W in the heated section, corresponding to tubing 
temperature r i ses of approximately 25°C/sec and 102.8°C/sec, respectively. 
Table XXV shows results of a comparison of calculated and experimental 
coolant expulsion velocities at an expulsion distance of 7.62 cm. 

Table XXV. Coolant Ve loc i t i es at End of Heated Section 

Run 

1 

2 

9 

3 

4 

5 

6 

7 

8 

Power Output 
to Cladding, 

50.4 

207 

207 

50.4 

50.4 

207 

207 

207 

207 

W 
M a s s of 
Water , g 

7.02 

7.02 

7.02 

11.7 

11.7 

11.7 

11.7 

11.7 

11.7 

Bulk Water 
T e m p e r a t u r e , 

°C 

_ • 

83 

85 

85 

83 

71 

69 

64 

63 

Calcu la ted 
Veloci ty, 
c m / s e c 

185 

260 

260 

80 

80 

250 

250 

250 

250 

E x p e r i m e n t a l 
Veloci ty , 
c m / s e c 

_** 
130 

210 

89 

80 

224 

224 

230 

230 

*Not r eco rded . 
**No c l ea r single su rge of coolant was obse rved . Coolant did not complete ly 

leave heated sect ion. 

F o r al l runs except 1 and 2 t h e r e a p p e a r s to be r e a s o n a b l e con
s i s t ency be tween e x p e r i m e n t and ca l cu la t ion . One p o s s i b l e exp lana t ion 
for the d i s c r e p a n c i e s of Runs 1 and 2 is that s ignif icant a m o u n t s of a i r 
r e m a i n e d d i s so lved in the w a t e r af ter two t r i a l hea t ing r u n s m a d e i m m e 
diately before run No. 1. 

22 A summary of results of a check in which the teclmiques were used to correlate transient voiding 
experimental data from in-pile tests, in water, with reactor periods ranging from 1 to 10 ms may be 
found in Progress Report for October 1964, ANL-6965, pp. 94-96. 
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^' Sodium Expulsion Studies 

A smal l - sca le experiment has been planned to investigate the expul
sion of sodium from a reactor channel during a power excursion. The first 
t e s t s will use water as the fluid rather than sodium, due to ease in handling. 
Instrumentation and power supply problems will be greatly reduced. 

The feasibility of using automotive storage bat ter ies as an energy 
source in the pulse heating of a test element was experimentally investi
gated. ^ Two 12-V bat ter ies were connected in ser ies with a 6-in. length of 
a 3/4- in.-OD by 0.005-in.-wall 316 SS tube and a manual switch. The cur
rent was measured through a 1500-Amp shunt, and the voltage drop across 
the SS tube was measured by direct connection to a voltmeter. The tem
pera tu re of the tube was also measured. The signals were all recorded on 
an oscillograph with a chart speed of 10 ft/second using galvanometers with 
frequency responses of 3300 cps. 

After closing the bat tery switch, the current through the test section 
rose to 396 Amp in 1 ms, slowly dropping to 380 Amp during the next 30 ms 
and holding at this value throughout the run. The voltage drop ac ross the 
section was 15(±l) V. The test section burned out after 1.43 sec after 
reaching a t empera ture of approximately 3500°F. 

It appears that storage bat ter ies can be used in the current expulsion 
tes ts , provided that the circuit breaker will open the circuit before burnout. 
The operating charac te r i s t i c s of the circuit breaker a re now being ex
perimental ly determined. 

C. TREAT 

1. Large TREAT Loop 

Two sets of the compound bellows system are now in ANL shops for 
rebuilding. Other bellows which were returned to the vendor a re in the 
process of refabricat ion. 

Pit cover drawings a re being revised. 

The pipe hangers which have been received from the vendor were 
found to be faulty and were returned for correct ion. 

The cold- t rap cooling system has been assembled and crated for 
shipment to Idaho. This shipment completes the list of cooling system parts 
requi red from ANL. 

The gas system of the large TREAT loop includes a p re s su re switch 
which controls the maximum blanket-gas p ressu re by actuating a normally 
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closed solenoid valve if the p re -se t p ressure is exceeded. A second p r e s 
sure switch has been added to the gas system to actuate a l a rms if the 
blanket-gas pressure is outside the control range. Three p ressure gauges 
have also been added to indicate the blanket-gas pressure : a) in the dump 
vessel, b) in the storage vessel , and c) at the liquid-nitrogen-cooled char
coal t rap. Pr ints of the complete gas system and the revised bills of 
material are now being checked. 

Several of the gas-sys tem components, including the p ressure regu
lator, pressure switch, and rupture discs, have been received. The four 
75 psi, 300°F rupture discs for the dump and storage vesse l gas piping were 
stacked together for shipment without the use of any spacing mater ial . 
During shipment, the tab on the vacuum support of each rupture disc dented 
and wrinkled the top support of the rupture disc upon which it rested. Three 
of these four rupture discs thus appear to be unsatisfactory for use. The 
manufacturer has been apprised of their condition. 
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